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ABSTRACT
The d i f f e r e n t i a l  c ro ss  s e c tio n s  f o r  th e  p ro d u c tio n  o f p ro to n , deu­
te ro n ,  t r i t o n ,  he lium -5 , and a lp h a  p a r t i c l e s  by 60-MeV p ro to n  bombard­
ment o f 1 3 C, B4 F e, and 309B i were m easured over a  secondary  energy 
range from 1 to  60 MeV. The p a r t i c l e s  were d e te c te d  in  an a l l - s o l i d  
s t a t e ,  3 -d e te c to r ,  t o t a l  a b s o rp tio n  c o u n te r  te le s c o p e . The system  
r e s o lu t io n  was ~150 keV (FWHM). Secondary charged p a r t i c l e s  were 
id e n t i f i e d  by bo th  AE v ersu s  E and f l i g h t  tim e versus E m ethods. 
P ro to n s , d eu te ro n s , t r i t o n s ,  h e liu m -3 1s ,  and alphas were unam biguously 
id e n t i f i e d  over an energy range from 1 to  6 0 MeV. D ata were o b ta in ed  
a t  15 to  20 angles between 12 degrees and l 6 o degrees . The high- 
energy reg io n  o f each charged p a r t i c l e  spectrum  i s  dom inated by e l a s ­
t i c  s c a t te r in g  and e x c i ta t io n  of d i s c r e t e  n u c le a r  l e v e l s ,  and d i f f e r e n ­
t i a l  c ross  se c tio n s  a re  p re se n te d  f o r  37 o f 't h e  le v e ls  observed . The 
secondary  p ro to n  s p e c tra  from  12C, 54Fe, and 209B i, below th e  re g io n  
o f d is c r e te  peaks, e x h ib i t  a  s t r u c tu r e le s s  and n e a r ly  f l a t  continuum 
reg io n  which a t  low en erg ies  merges in to  a peaked, n e a r ly  is o t r o p ic  
d i s t r ib u t io n  excep t in  th e  case  o f b ism uth . The s p e c t r a  o f o th e r 
seco n d aries  have rough ly  th e  same continuum  shape as th e  p ro tons ex c ep t 
th a t  o n ly  th e  secondary  a lp h a 'p a r t i c l e s  show a s tro n g  ev ap o ra tio n  peak . 
The m agnitude o f th e  e n e rg y - in te g ra te d  d i f f e r e n t i a l  c ro ss  s e c tio n s  fo r  
each p a r t i c l e  type is  s t r o n g ly  fo rw ard  peaked and d ecreases r a p id ly  
w ith  in c re a s in g  ang le  u n t i l  a c o n s ta n t m agnitude is  reached  fo r  an g les  
g r e a te r  than  ~120 d e g re e s . The r a t i o  o f  p ro tons to  deu terons is  ~10 
to  2 0 :1  and the  r a t i o  o f p ro to n s  to  t r i t o n s  is  ~ 1 0 0  to  300 : 1 .
x v i
The e l a s t i c  d i f f e r e n t i a l  c ro ss  s e c t io n s  a re  found to  ag ree  w ith  
o p t i c a l  model c a lc u la t io n s . The p ro to n  continuum  s p e c tr a  a re  compared 
w i th •e s tim a te s -fro m  a  Monte C arlo  in tra n u c le a r -c a s c a d e  p lus ev ap o ra tio n  
c a lc u la t io n .  The observed  p ro to n  c ro ss  s e c t io n s  a re  la r g e r  th a n  th e  
e s tim a te s  f o r  angles la rg e r  th a n  ~ 7 0  degrees and f o r  angles sm a lle r  
th an  ~ 2 0  deg rees; however, between 20  and 7 0  degrees th e  agreem ent 
is  w ith in  ±30$. More h igh  energy c ro ss  s e c t io n  i s  m easured a t  back 
ang les th an  is  p re d ic te d .  E s p e c ia l ly  f o r  th e  h e a v ie r  t a r g e t s ,  evapo­
r a t io n  c a lc u la t io n s  do not p rov ide  enough h ig h  energy  c ro ss  s e c t io n  
f o r  d eu te ro n s , t r i t o n s ,  helium -3 1 s ,  o r a lp h a s , even a t  th e  l a r g e s t  
an g les  o f o b se rv a tio n . The continuum p ro to n  s p e c tr a  from "the n e ig h ­
b o rin g  n u c lid e s  54Fe and B6Fe a re  found to  have eq u a l shapes and c ro ss  
s e c t io n s  in  th e  energy reg io n  above 20 MeV, b u t 56Fe e x h ib i ts  a  peaked 
low energy d i s t r i b u t io n  which i s  o n ly  ~70$ as in te n s e  as th e  54Fe 
d i s t r ib u t io n .
CHAPTER I .
INTRODUCTION
As a  beam o f in te rm e d ia te  energy p ro to n s  p asses  th rough  a  t a r g e t  
some o f th e  p r o je c t i l e s  i n t e r a c t  w ith  th e  n u c le i ,  r e s u l t in g  in  e l a s t i c  
and n o n e la s t ic  c o l l i s i o n s .  These c o l l i s io n s  r e s u l t  in  th e  fo rm a tio n  
o f charged  and uncharged r e a c t io n  p a r t i c l e s  which have unique energy  
and a n g u la r  d i s t r i b u t io n s .  The work d isc u s se d  in  t h i s  paper i s  a 
s tu d y  o f  th e  charged secondary  p a r t i c le s  e m itte d  in  such c o l l i s io n s  
i n i t i a t e d  by 60-MeV p ro to n s .
There have been s e v e ra l  experim ents perform ed w ith  in c id e n t  50- 
to  600-Mev p ro to n s  to  in v e s t ig a te  one o r more of th e  energy  reg io n s  
o f  th e  charged  secondary  p a r t i c l e  s p e c t r a .  Most o f  t h e s e ,experim ents 
have been concerned w ith  th e  ou tgo ing  p ro to n  spectrum  on ly  and n e a r ly  
a l l  have c o n c e n tra te d  on a sm a ll p a r t  o f th e  secondary  energy  spectrum . 
I t  is  i n s t r u c t iv e  to  co n sid e r a few o f th e se  ex p erim en ts .
Many s tu d ie s  have been made o f th e  e l a s t i c  and n e a r - e la s t i c  reg io n s  
o f  th e  r e a c t io n  spectrum , a lthough  m ost o f th e s e  have s u f f e re d  from 
an energy  r e s o lu t io n  to o  poor to  c l e a r ly  re so lv e  th e  i n e l a s t i c  le v e ls  
and in  some cases to o  poor to  re so lv e  th e  e l a s t i c  s c a t t e r in g  from 
nearby  i n e l a s t i c  l e v e l s . S tud ies  have been made r e c e n t ly  w ith  energy  
r e s o lu t io n s  in  th e  o rd e r of 1 to  2$ a t  155 MeV, 1 62 MeV, 8 55 MeV, 3 and 
50 MeV4 and some d a ta  (o b ta in e d  w ith  th e  d e te c to r  system  d e sc rib e d
1P . G. Roos and W. W all, P h y s . Rev. IkO, 1237 (19^5) •
8 C. B. Fulmer e t  a l . ,  Phys. L e tte r s  2^B, 505 (1967)*
3 H. Kametsobo e t  a l . ,  J .  Phys. Soc. Japan  27, 19 ( 1 9 6 7 )*
4 E. S . Burge e t  a l . ,  "S tud ies of E la s t i c  and I n e l a s t i c  P ro to n
S c a t te r in g " ,  P ro g ress  R eport o f R u th e rfo rd  L ab o ra to ry  ( 19 6 6 ) .
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in  t h i s  work) is  r e p o r te d  w ith  0 .2 $  energy r e s o lu t io n  a t  62 MeV.5
The secondary  p ro to n  spectrum  below th e  re g io n  o f i n e l a s t i c  s c a t t e r ­
in g  peaks has been s tu d ie d  in  s e v e ra l  ex p e rim en ts . D ata ta k e n  w ith  
in c id e n t  p ro to n s  o f energy  1 BeV,6 650  MeV,7 and 3^0 MeV8 c o n s is te n t ly  
show ( a t  l e a s t  to  ~  k-5 d eg rees , which is  th e  l a r g e s t  an g le  o f o b se rv a ­
t io n )  th e  p resen ce  o f  a  b road  peak in  th e  secondary  p ro to n  d a ta  formed 
by  th e  s in g le  s c a t te r in g  o f in c id e n t  nucleons from  t a r g e t  n u c leo n s .
This d i s t r i b u t io n ,  c a l le d  th e  q u a s i - e l a s t ic  peak, has a  maximum a t  an 
energy  n e a r ly  th e  same as t h a t  expected  from  f r e e  nu cleo n -n u cleo n  
k in e m a tic s .
The p resen ce  o f th e  q u a s i - e l a s t ic  peak in  th e  p ro to n  d a ta  from  
low er energy  p ro to n  bombardment is  n o t as c o n s is te n t .  W a ll,9 a t  
l 6 o MeV, observed  a  b road  q u a s i - e l a s t ic  peak in  th e  s p e c t r a  from  a l l  
ta r g e t s  and a t  a l l  ang les  o f d e te c t io n  sm a lle r  th a n  90  d e g re e s , w h ile  
r e c e n t  d a ta  by P e e l l e ,10 a t . 160 MeV, show th e  p resen ce  o f a  peak in  
th e  secondary  p ro to n  d a ta  o n ly  f o r  ang les as sm a ll as 30  d eg re e s .
The low er energy  l im i t  o f  d e te c t io n  in  b o th  o f th e s e  experim ents was 
above 20 MeV. S trau ch  and T itu s 11 have examined w ith  9 6 -MeV in c id e n t
5F . E . B e rtran d  e t  a l . ,  P hys. L e tte rs  2^B, 653 (19&7)*
8 D. M. C orley , "Q uasi-F ree  S c a t te r in g  o f 1 GeV P ro to n s  from  C12
and Ca4 0 " , Ph.D . T h e s is , U n iv e rs i ty  o f M aryland ( 1 9 6 8 ) ,
7 L. S . A zhgirey e t  a l . ,  N ucl. Phys. 13, 2 5 8 -2 8 0  (1958)*
8 J .  B. C lad is  e t  a l . ,  Phys. Rev. 8 7 , b2$ (1952).
9N. S . W all and P . R. Roos, Phys. Rev. 150, 8 l l  ( 1 9 6 6 ) .
10 R. W. P e e l le  e t  a l . ,  P hys. Rev. 167 , 4 , 981  ( 1 9 6 8 ); R. W. P e e l le
e t  a l . ,  " D i f f e r e n t ia l  Cross S ec tio n s  f o r  th e  P ro d u c tio n  o f P ro to n s  in  
th e  R eactions o f 150-MeV P ro to n s  in  Complex N u c le i" , ORNL-3 8 8 7 , 1 9 6 6 .
11K. S trau c h  and F . T i tu s ,  P hys. Rev. 10^, 1, 191 (1958).
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p ro to n s  th e  s p e c t r a  o f seco n d ary  p ro to n s  above 30 MeV from  a  range  o f 
t a r g e t s .  These r e s u l t s  show no q u a s i - e l a s t ic  peak, b u t in s te a d  a  con-
t
tinuum  re g io n  which in c re a se s  sm oothly  in  m agnitude tow ard low er 
r e a c t io n  e n e rg ie s .  R ec en tly , Nonaka e t  a l .13 have in v e s t ig a te d  th e  
secondary  p ro to n  spectrum  a t  e n e rg ie s  above 15 MeV from s e v e r a l  ta r g e ts  
bombarded by 57-MeV p ro to n s . No q u a s i - e la s t ic  peak was observed  a t  
t h i s  energy .
U sing 160-MeV p ro to n s , Fox and Ramsey13 have examined th e  
energy  spectrum  of secondary  p ro to n s  in  th e  energy range o f ~ 5  to
23 MeV and B a iley 14 has examined th e  ou tgo ing  pro tons over an energy  
range o f ~  5 to  80 MeV u s in g  in c id e n t  190-MeV p ro to n s . These d a ta  
show a p ro to n  spectrum  which is  peaked j u s t  below th e  c nalomb b a r r i e r  
and is  i s o t r o p ic .  Such a  spectrum  has been a t t r ib u te d  to  a  n u c le a r  
e v a p o ra tio n  p r o c e s s .
I t  is  p o s s ib le  from  th e  experim ents d e sc rib e d  to  make some g e n e ra l 
o b se rv a tio n s  abou t th e  secondary  p ro to n  s p e c t r a .
1 . The e l a s t i c  and i n e l a s t i c  s c a t te r in g  cross s e c tio n s  a re  fo rw ard  
peaked, be in g  q u ite  s t r o n g ly  peaked forw ard  in  th e  case o f th e  e l a s t i c .
2 . A lthough th e  seco n d ary  s p e c t r a  a re  dominated by q u a s i- f r e e  
s c a t te r in g  a t  h ig h  in c id e n t  e n e rg ie s , th e  d a ta  a t  en e rg ie s  below 1^0 
MeV show no q u a s i- f r e e  peak b u t show a  smooth continuum.
3 . The low energy  re g io n  of th e  secondary  p ro to n  spectrum  ex­
h i b i t s  an i s o t r o p ic  d i s t r i b u t io n .
1 2 1 . Nonaka e t  a l . ,  J .  Phys. Soc. Japan  17, 12, 1817 ( 1 9 6 2 ) .
13R. Fox and N. F . Ramsey, P hys. Rev. 125, 5> 1609 (1 9 ^ 2 ).—  ^
14 L. E. B a ile y , UCRL-3331̂ (1956).
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Only a few experim ents to  examine th e  t o t a l  energy  s p e c tra  o f 
charged se c o n d a rie s  o th e r  th a n  p ro to n s  have been re p o r te d .  Hess and 
Moyer15 a t  3^0 MeV have s tu d ie d  th e  d eu te ro n  spectrum  above ~  50 MeV 
from s e v e ra l  t a r g e t s  and Genin e t  a l . , 16 have examined th e  p ro to n , 
d eu te ro n , and t r i t o n  s p e c t r a  produced by 155-MeV p ro tons w ith  a 
r e a c t io n  energy  c u t  o f f  o f  ~  25 MeV. These ex perim en ts, in  g en e ra l, 
f in d  a d i s t i n c t  s i m i l a r i t y  in  th e  shape o f th e  ou tgo ing  p ro to n , 
d eu teron  and t r i t o n  s p e c t r a .
The s p e c t r a  o f  secondary  helium -3 and a lp h a  p a r t i c l e s  have been 
s tu d ie d  w ith  157-MeV p ro to n s  by Dubost e t  a l . , 17 and by Muto e t  a l . , 18 
a t  56 MeV.
R ecen tly , Brun _et a l . , 19 and Dubost e t  a l . 20 have s tu d ie d  th e  
secondary  p ro to n , d e u te ro n , t r i t o n ,  helium -3  and a lpha  s p e c tra  p ro ­
duced by 156 -MeV and 90-MeV p ro to n  bombardment o f  medium and heavy 
n u c le i .  The d a ta  from  th e se  experim ents ex tends down to  a secondary 
energy o f  a  few  MeV; however, th e  q u a l i ty  o f th e  h ig h  energy d a ta  was 
reduced s in c e  th e  th ic k n e s s  o f th e  d e te c to rs  was s u f f i c i e n t  to  s to p  
on ly  p ro tons w ith  e n e rg ie s  le s s  th a n  ~  30 MeV.
Perhaps th e  m ost im p o rtan t re a so n  th a t  o n ly  a  few experim ents 
have been perform ed to  s tu d y  th e  t o t a l  spectrum  o f charged p a r t ic le s  
is  th a t  such  experim ents re q u ire  s ig n i f i c a n t l y  more development than
15W. N. Hess and B. J .  Moyer, P hys. Rev. 101, 1, 337 (1956)
16J .  Genin e t  a l . ,  J .  Phys. Radium 22, 615  ( 1 9 6 1 ) .
17H. Dubost e t  a l . ,  P hys. Rev. 1 3 6 , 6b , l 6 l 8 ( 196^ ) .
18J .  Muto e t  a l . ,  N ucl. Phys. 19 ( 1 9 6 3 ) .
19C. Brun e t  a l . ,  N ucl. P hysics  A95, 337 (1967)*
2oH. Dubost e t  a l . ,  J o u rn a l de Physique 28, 257 ( 1967 )*
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experim ents which cover o n ly  a sm a ll p o r t io n  o f th e  spectrum . The 
l a r g e s t  problem i s  th e  s e le c t io n  of a  d e te c t io n  system  which w i l l  
p ro v id e  unambiguous p a r t i c l e - ty p e  id e n t i f i c a t i o n  over an energy  range 
which may be g r e a te r  th a n  200 to  1. These d e te c t io n  d i f f i c u l t i e s  
become more se v e re  as th e  in c id e n t p ro to n  energy  is  in c re a se d  s in c e  
i t  n o t o n ly  becomes more d i f f i c u l t  to  f in d  a  h ig h  energy r e s o lu t io n  
t o t a l  a b so rp tio n  d e te c to r  b u t th e  s e le c t io n  o f s u i t a b le  d e te c to rs  fo r  
p a r t i c l e  i d e n t i f i c a t i o n  a ls o  becomes h a rd e r .  The e le c tro n ic s  a s s o c i­
a te d  w ith  a d e te c to r  system  s a t i s f a c t o r y  f o r  such  experim ents is 
n e c e s s a r i ly  q u ite  co m p lica ted . Among th e  o th e r  d i f f i c u l t i e s  encoun­
te r e d  in  th is  ty p e  o f experim ent a re  th e  need f o r  in c rea sed  le n g th  
o f d a ta  a c q u is i t io n  tim e  caused  b o th  by th e  sm a ll  p ro d u c tio n  c ro ss  
s e c tio n s  fo r  some ty p es  o f  charged p a r t i c l e s  and by th e  need to  use 
th in  ta r g e ts  to  av o id  low -energy  spectrum  d i s t o r t i o n  and c u t o f f ,  and 
th e  n e c e s s i ty  to  p re v e n t background "co n tam in a tio n "  of th e  s p e c tra  
over th e  e n t i r e  seco n d ary  energy  ran g e .
The experim ent d e s c r ib e d  h e re  was d esig n ed  to  d e te c t  and p rov ide  
p o s i t iv e  i d e n t i f i c a t i o n  o f  a l l  charged r e a c t io n  p a r t i c le s  s im u l­
ta n e o u s ly  over t h e i r  e n t i r e  energy  ra n g e . The ex p erim en ta l system  
was designed  to  m eet t h i s  req u irem en t f o r  ta r g e t s  of any mass and to  
p ro v id e  an o v e r a l l  en erg y  r e s o lu t io n  b e t t e r  th an  t h a t  p re v io u s ly  
o b ta in ed  by d e te c to rs  u sed  f o r  60-MeV p ro to n s .
I t  was hoped t h a t  s e v e ra l  types o f s tu d ie s  cou ld  be perform ed 
s im u ltan eo u s ly  w ith  th e  ex p e rim en ta l system . The h ig h  energy  reso u - 
t io n  t o t a l  a b so rp tio n  d e te c to r  would s e p a ra te ,  a t  en e rg ie s  up to  
60-MeV, peaks in  th e  s p e c t r a  which were p re v io u s ly  u n reso lv ed .
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Thus, th e  d a ta  could  p ro v id e  "c le a n "  e l a s t i c  s c a t te r in g  c ro ss  s e c t io n s  
and s ig n i f i c a n t  c ro ss  s e c t io n s  f o r  r e a c t io n s  such  as ( p ,p ')  and ( p ,d ) .  
The narrow energy  r e s o lu t io n  m ight a ls o  show th e  p resen ce  o f any e x i s t ­
ing s t r u c tu r e  in  th e  low er en erg y  p o r tio n s  o f  th e  charged p a r t i c l e  
s p e c t r a .  The d e te c t io n  and id e n t i f i c a t i o n  o f a l l  charged p a r t ic le s  
over t h e i r  e n t i r e  energy  range w ould h o p e fu lly  le a d  t o  in fo rm a tio n  on 
th e  r e a c t io n  mechanisms in v o lv ed  in  th e  p ro d u c tio n  o f th e  v a rio u s  
types o f charged p a r t i c le s  from  ta r g e t s  bombarded by p ro to n s  and o th e r  
p r o je c t i l e s  w ith  en e rg ie s  up to  60 MeV.
The cho ice  o f t a r g e t  m a te r ia ls  to  be used  in  th e  experim ent was 
determ ined  by a t  l e a s t  th re e  c o n s id e ra t io n s .  F i r s t ,  s in c e  th e  e x p e r i­
ment would p ro v id e  such d iv e rse  in fo rm a tio n  from  each t a r g e t ,  i t  
seemed d e s ir a b le  to  cover a  la rg e  range o f n u c le a r  m asses. Second, 
s in c e  th i s  experim ent was sp o n so red  by th e  NASA space s h ie ld in g  e f f o r t ,  
elem ents were s e le c te d  f o r  ta r g e t s  which m ight have p r a c t i c a l  space 
a p p l ic a t io n .  T h ird , w ith in  each mass group an iso to p e  was s e le c te d  
f o r  u se  as a  t a r g e t  which m ight p ro v id e  th e  most u s e fu l  sp e c tro sc o p ic  
in fo rm atio n  from th e  d i s c r e te  l e v e l  s c a t t e r in g .
CHAPTER I I .
EXPERIMENTAL METHOD
A. G eneral Technique
A schem atic  diagram  o f  th e  tech n iq u e  used to  perform  th e  experim ent 
is  shown in  F ig . 1.
P ro to n s o f energy  ~60 MeV from  th e  Oak Ridge Isochronous C yclo tron  
were used  to  bombard ta r g e t s  o f th ic k n e sse s  from 1 to  8 mg/cms . The 
r e a c t io n  p a r t i c le s  from th e  t a r g e t  were d e te c te d  in  a 3 -c o u n te r  t e l e ­
scope (b ,  C,and D) th e  c o ll im a to r  f o r  which was an o th e r co u n te r (A) 
t h a t  a c te d  as a v e to  d e te c to r .  Both l in e a r  and f a s t  tim in g  s ig n a ls  
were s im u lta n eo u s ly  d e riv ed  from th e  th r e e  d e te c to rs  (B, Cf and D) f o r  
each e v e n t. The f a s t  s ig n a ls  s e rv e d  to  in d ic a te  th e  n a tu re  o f th e  
e v en t th rough  co in c id en ce  and lo g ic  d e c is io n s  and were used  in  a p i le -u p  
r e j e c t i o n  system  and in  t im e - o f - f l ig h t  m easurem ents. Slow p u lses  were 
used  f o r  a l l  p u ls e -h e ig h t a n a ly s is .
F o r ty - s ix  b i t s  o f in fo rm atio n  c o n ta in in g  f la g s  from th e  f a s t  system  
which in d ic a te d  th e  n a tu re  o f th e  e v e n t and th e  slow  p u lse  h e ig h ts  fo r  
th e  ev en t were merged in  an in te r f a c e  and read  in to  an o n - lin e  PDP-8  
com puter. The computer p re se n te d  o n - lin e  d is p la y s ,  had low p r e c is io n  
s to r a g e ,  and w rote even ts  on IBM -com patible m agnetic ta p e .
Between runs th e  d a ta  were an a ly zed  on th e  ORNL IBM-360, Model 75 
com puter. The a n a ly s is  program i d e n t i f i e d  p a r t i c l e  ty p e , a d ju s te d  fo r  
dead la y e r s ,  removed th e  e f f e c ts  o f r e a c t io n  t a i l s ,  approxim ated p h y s ic a l  
q u a n t i t ie s  such as c ross  s e c tio n s  and Q v a lu e s , and re tu rn e d  p a r t ly  
an a ly zed  d a ta  as re q u ire d  f o r  f i n a l  a n a ly s is .
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F ig . 1 . Schem atic o f  E x p e rim en ta l System.
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B. D e tec to r System
• 1. Methods f o r  P a r t i c l e  I d e n t i f i c a t io n  
The two m ost commonly used  methods fo r  charged p a r t i c l e - ty p e  i d e n t i ­
f i c a t i o n  a re  th e  AE X E method and th e  t im e - o f - f l ig h t  m ethod. I n  o rd e r  
to  s a t i s f y  th e  needs o f  t h i s  experim ent, a  com bination o f bo th  o f th e se  
methods has been employed.
The b a s is  o f th e  ffl X E method i s  th e  B ethe-B lock e q u a tio n  f o r  th e  
mean energy  lo s s  o f  a p a r t i c l e  t r a v e rs in g  a medium. T his eq u a tio n  is  
w e ll  approxim ated by
dE A




= charge of in c id e n t  p a r t i c l e
N = atms/cm3 in  th e  medium
z = atom ic number of medium
me
= e le c t r o n  mass
ep
= in c id e n t  p a r t i c l e  energy
s in c id e n t  p a r t i c l e  mass
f  (V) = s lo w ly  v a ry in g  fu n c tio n  of v e lo c i ty
I t  i s  seen  in  th e  above approxim ation  th a t  th e  amount o f energy
lo ss  from a p a r t i c l e  w ith  energy  E in c rea se s  w ith  b o th  th e  charge
P
and mass o f th e  p a r t i c l e  through  th e  term  (Z3 M ) .  T h e re fo re  th e
P P
energy lo s s  w i l l  be d i f f e r e n t  f o r  p a r t i c le s  w ith  th e  same in c id e n t 
energy  b u t d i f f e r e n t  charge an d /o r m ass, w ith  th e  l a r g e s t  d if f e re n c e  
ly in g  betw een p a r t i c le s  o f d i f f e r e n t  charge. I t  is  p o s s ib le ,  th e r e fo r e ,  
to  id e n t i f y  th e  ty p e  o f p a r t i c l e  by measurement o f i t s  in c id e n t  energy  
and energy  l o s s .
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I n  p r a c t i c e ,  th e  ab so rb in g  medium is  a  d e tec to r- from  w hich an 
energy  lo ss  is  m easured. The in c id e n t  energy  is  o b ta in ed  as th e  sum 
o f th e  energy  l o s t  in  th e  "AE" d e te c to r  and a second d e te c to r  w hich^is 
capab le  o f s to p p in g  th e  p a r t i c l e .
I n  o rd e r  to  id e n t i f y  p a r t i c l e  type by the  t im e - o f - f l ig h t  method, 
th e  energy  o f th e  p a r t i c l e  and th e  f l i g h t  tim e o f th e  p a r t i c l e  over 
a  known d is ta n c e  must be m easured. In  t h i s  experim ent th e  p a r t i c l e  
f l i g h t  tim e was m easured w ith  r e s p e c t  to  th e  c y c lo tro n  r f . A lthough 
th e  tim ing  s ig n a l  p ro v id ed  by th e  r f  was o f  h igh  s t a b i l i t y ,  an  am bigu ity  
was in tro d u ce d  in to  th e  t im e - o f - f l ig h t  measurement by th e  f i n i t e  w id th  
(~  1 to  2 n sec ) o f th e  beam b u r s t .  The e f f e c t  o f th e  b u r s t  w id th  is  
to  p rev en t a c c u ra te  knowledge o f th e  tim e when th e  in c id e n t p ro to n  
s t r i k e s  th e  t a r g e t .
I f  a  p a r t i c l e  w ith  k in e t ic  energy E t r a v e ls  a d is ta n c e  D in  tim e T, 
th e  mass o f th e  p a r t i c l e  is  g iv en  by
M = “pH* ( 2 -2 )
I t  is  seen  t h a t  f o r  v a rio u s  types o f p a r t i c l e s ,  a l l  o f  energy  E, th e  
p a r t i c l e  mass is  a  fu n c tio n  o f  th e  f l i g h t  tim e . I t  i s  n o t p o s s ib le  
by th i s  method to  d is t in g u is h  betw een p a r t ic le s  o f d i f f e r e n t  charge 
b u t l ik e  m ass, e .g .  t r i t o n s  and h e lium -3 ' s .
A lthough id e n t i f i c a t i o n  by tim e o f  f l i g h t  may appear to  be th e  
s im p le r  o f  th e  two methods d e sc rib e d , i t  is  no t p o s s ib le  to  u se  i t  
as th e  s o le  d is c r im in a tio n  system  in  th is  experim ent, s in c e  th e  se p a ­
r a t io n  of f l i g h t  tim e betw een d i f f e r e n t  p a r t i c l e  types w ith  en e rg ie s  
as h ig h  as 60 MeV is  le s s  th a n  one nanosecond (lCT® s e c )  when th e
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f l i g h t  p a th  is  o n ly  50 cm. This sm a ll d if f e r e n c e  in  f l i g h t  tim e made 
i t  im possib le  to  a d e q u a te ly  s e p a ra te  p a r t i c l e  types a t  h ig h  e n e rg ie s , 
due to  th e  sp re a d  in  th e  beam b u r s t .
I t  i s  a ls o  a p p a re n t th a t  th e  AE X E method can be used  o n ly  when 
th e  energy  o f th e  p a r t i c l e  is  h ig h  enough to  p e n e tr a te  th e  f i r s t  d e te c ­
t o r .  T h is , o f  c o u rse , l im i ts  th e  low energy  re g io n  o f th e  r e a c t io n  
spectrum  which can be s tu d ie d .
In  o rd e r  to  c ircum vent th e  problems en coun tered  s e p a ra te ly  w ith  
each i d e n t i f i c a t i o n  method, a  com bination  o f  th e  two methods was em­
p lo y ed . The p a r t i c l e  ty p e  was id e n t i f i e d  by tim e o f f l i g h t  f o r  en e rg ies  
th a t  were s to p p ed  in  th e  f i r s t  d e te c to r ,  w h ile  th e  p a r t i c le s  which 
p assed  th rough  th e  AE d e te c to r  were id e n t i f i e d  by a  AE x E system .
2 . AE D e tec to rs
E quation  2 .1 , which is  th e  b a s is  o f  th e  AE X E m ethod, c a lc u la te s  
a  mean energy  lo s s  w h ile  in  p r a c t ic e  p a r t i c l e s  o f th e  same type  w ith  
th e  same in c id e n t  en erg y  do n o t lo se  th e  same amount o f  energy  as th ey  
tr a v e r s e  an a b s o rb e r . Indeed  th e r e  i s  a  d i s t r i b u t i o n  o f energy  lo sse s  
around th e  mean p re d ic te d  by Eq. 2 .1 .  Among th e  e f f e c t s  which may con­
t r i b u t e  to  th i s  d i s t r i b u t i o n  a re  n o n u n ifo rm ity  o f d e te c to r  th ic k n e s s , 
anomalous energy  lo s s  a long  th e  c r y s t a l  a x is  o f th e  d e te c to r ,  and 
Landau s p re a d .21 The th ic k n e ss  o f  th e  d e te c to rs  was un ifo rm  to  2$, 
a  u n ifo rm ity  judged s u f f i c i e n t  to  p re v e n t n o tic e a b le  sp re a d .
I f  charged p a r t i c l e s  t r a v e r s e  a  t h in  d e te c to r  a lo n g  th e  d e te c to r ’s 
c r y s ta l  a x is ,  some o f  th e  p a r t i c le s  may undergo few er th an  norm al
31K. R. Symon, Ph.D . T hesis (H arvard  U n iv e rs i ty , 19^9)•
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c o l l i s io n s  in  th e  d e te c to r  w ith  th e  r e s u l t  t h a t  th e  energy  lo s s  from 
th i s  p a r t i c l e  is  low er th a n  ex p ec ted . This e f f e c t ,  c a l le d  ch an n e lin g , 22 
can c o n tr ib u te  to  th e  sp re a d  o f  energy  lo ss  d i s t r i b u t i o n  around th e  
mean energy  l o s s . In  o rd e r  to  e l im in a te  th e  sp re a d , d e te c to r s  used  in  
t h i s  experim ent were c u t so  t h a t  th e  p ro to n s  d id  n o t t r a v e r s e  any o f 
th e  c r y s t a l  ax es .
The e f f e c t  o f  th e  Landau d i s t r i b u t io n  as a p p lie d  to  p a r t i c l e  id en ­
t i f i c a t i o n  is  to  sm ear to g e th e r  energy  lo s s  d i s t r ib u t io n s  from  p a r t i c le s  
o f th e  same in c id e n t energy , b u t o f  d i f f e r e n t  ty p e s , so  t h a t  i d e n t i f i ­
c a t io n  may become am biguous. The s e p a ra t io n  between energy  lo ss  
d i s t r ib u t io n s  from v a r io u s  p a r t i c l e  types w ith  th e  same in c id e n t 
energy  w i l l  in c re a se  as th e  th ic k n e ss  o f th e  AE co u n ter i s  in c re a se d . 
However, as th e  th ic k n e ss  o f th e  AE co u n te r i s  in c re a se d  th e  maximum 
energy  o f p a r t i c le s  s to p p ed  in  th e  co u n te r is  a ls o  in c re a se d , and 
b e t t e r  tim e r e s o lu t io n  is  th e n  r e q u ire d  f o r  unambiguous i d e n t i f i c a t i o n .
In  o rd e r  to  s e l e c t  th e  th ic k n e ss  o f th e  AE co u n te rs  to  be us-ed in  
t h i s  experim en t, com puter c a lc u la t io n s  o f th e  Landau d i s t r ib u t io n s  
were perform ed23 f o r  p ro to n s , d e u te ro n s , t r i t o n s ,  h e liu m -3 ’s ,  and 
alphas o f many e n e rg ie s ,  in c id e n t  upon variolas th ic k n e sse s  o f  s i l i c o n .  
C a lc u la te d  energy  lo s s  d i s t r ib u t io n s  f o r  60-MeV p ro to n s , d eu te ro n s , 
and t r i t o n s ,  in c id e n t  upon a  100 -p, s i l i c o n  d e te c to r ,  a re  shown in '
F ig .  2 ( a ) .  A lthough th e  maximum p a r t i c l e  en e rg ie s  which a re  s topped  
in  100  n o f s i l i c o n  a re  low enough f o r  t im e - o f - f l ig h t  i d e n t i f i c a t i o n ,
3 3C. E rg inson  e t  a l . ,  P h y s . Rev. L e tte r s  13, 1 (19^*0 •
2 3 J .  W. W achter, ORNL-^-13^, N eutron P h sy sics  D iv is io n  Annual P rog ress  
R eport f o r  P e r io d  Ending May 31, 19^7^ P* 136.
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F ig . 2 . C a lcu la te d  Energy Loss D is tr ib u t io n s  in  S i l i c o n .
I k
i t  i s  ap p a ren t t h a t  th e  overlap  betw een en erg y  lo ss  d i s t r ib u t io n s  from  
th e  h ig h  energy  p a r t i c le s  is  s ig n i f i c a n t  and no d e f in i t e  i d e n t i f i c a t i o n  
can be made o f p a r t i c l e s  in  the  o v e rlap  r e g io n .  On th e  o th e r  hand,
F ig . 2 (b ) shows th e  energy  lo ss  d i s t r ib u t io n s  f o r  60-MeV p ro to n s , deu­
te ro n s ,  and t r i t o n s  t r a v e rs in g  600  p. o f s i l i c o n ,  in  which case  s e p a ra ­
t i o n  is  observed .
F ig u re  3 shows a  com parison betw een th e  p r e d ic te d  and observed  
energy  lo ss  d i s t r i b u t io n  from 6 l-MeV p ro to n s  in c id e n t  upon a  506-(i 
s i l i c o n  d e te c to r .  The c a lc u la t io n  is  seen  to  f i t  th e  ex p erim en ta l 
curve v e ry  w e ll  ex cep t in  th e  h igh  energy  lo s s  t a i l .  The c a lc u la te d  
curve was s h i f t e d  by 30 keV to  f i t  th e  d a ta  a t  th e  most p ro b ab le  energy  
lo ss  .
The s o l i d  curves on F ig . ^ show th e  mean energy  lo s s  in  a  600-|i 
s i l i c o n  d e te c to r  f o r  p ro to n s , d eu te ro n s , and t r i t o n s  over an energy 
range  f o r  each p a r t i c l e  from 60 MeV to  th e  energy  which j u s t  p e n e tra te s  
th e  d e te c to r .  The dashed curves show th e  maximum and minimum values 
(which in c lu d e  99$) ° f  th e  energy lo s se s  as p re d ic te d  by th e  Landau 
c a lc u la t io n s .  I t  is  seen  th a t  th e  e f f e c t  o f th e  Landau sp rea d  is  to  
form  an envelope o f p o s s ib le  en e rg y -lo ss  v a lu es  f o r  a g iven  p a r t i c l e  
energy  E . I f  th e se  envelopes are  s e p a ra te d ,  as in  th e  case  shown, 
th e n  p a r t i c l e  id e n t i f i c a t i o n  by th e  AE X E method sh o u ld  be unambiguous .
In  o rd e r  to  avo id  th e  overlap  problem  as shown in  F ig .  2 (a )  and
t
s t i l l  keep th e  energy  o f p a r t ic le s  absorbed  in  th e  AE co u n te r low, 
two AE co u n ters  were used  s im u ltan e o u s ly . The cho ice  o f th ic k n e sse s  
f o r  th e  AE d e te c to rs  was found to  be  l im i te d  by s e v e ra l  f a c to r s ,  which 
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a . The maximum th ic k n e ss  o f th e  f i r s t  AE c o u n te r  sh o u ld  be no 
g r e a te r  th a n  100  |i, so  t h a t  th e  p a r t i c l e  ty p es  th a t  m ust be id e n t i f i e d  
by tim e o f f l i g h t  have maximum e n e rg ie s  o f ~3*5 MeV f o r  p ro to n s  and
1^ MeV f o r  a lp h a s .
b . The minimum t o t a l  th ic k n e ss  o f  th e  AE d e te c to r  is  ^O O n, so  
t h a t  th e  energy  lo s s  d i s t r ib u t io n s  from  h ig h e s t  energy  p a r t i c le s  (~  60 
MeV) w i l l  be s e p a ra te d  as is  shown in  F ig .  2 (b ) .
c. The maximum th ic k n e ss  f o r  th e  second co u n te r  and th e  minimum 
th ic k n e ss  f o r  th e  f i r s t  c o u n te r  a re  r e l a t e d ,  s in c e  th e  f i r s t  d e te c to r  
must produce th e  AE p u lse  f o r  ev en ts  which a re  s to p p ed  in  th e  second 
d e te c to r .  I f  th e  th ic k n e ss  o f th e  second d e te c to r  is  in c re a se d , th e  
energy  o f  p a r t i c l e s  s to p p ed  in  i t  is  in c re a se d  and th e  s e p a ra t io n  
between AE p u lse s  from  th e  f i r s t  d e te c to r  becomes p o o r. On th e  o th e r  
hand, d e c re a s in g  th e  th ic k n e ss  o f th e  f i r s t  AE d e te c to r  a ls o  causes 
p o o re r s e p a ra t io n  in  th e  energy  lo s s  d i s t r i b u t i o n s .
The system  used  was s e le c te d  by c a lc u la t io n  o f th e  en erg y  lo ss  
d i s t r i b u t io n  f o r  s e v e r a l  s e t s  o f AE d e te c to r s  o f  v a rio u s  th ic k n e s s e s .  
The system  s e le c te d  c o n s is te d  o f a  lOO-p s i l i c o n  s u r fa c e  d e te c to r  
fo llow ed  by a  5 0 0 -n  s i l i c o n  s u r fa c e  b a r r i e r  d e te c to r  beh in d  which was 
th e  t o t a l  a b s o rp tio n  d e te c to r .  I f  p a r t i c l e s  s to p p ed  in  th e  lOO-p. 
d e te c to r  (b ) ,  t h e i r  energy  was low enough to  p e rm it good t im e - o f - f l ig h t  
i d e n t i f i c a t i o n .  P a r t i c l e s  which p e n e tra te d  B and s to p p ed  in  th e  500-p 
d e te c to r  (c) were i d e n t i f i e d  by th e  AE X E method, where th e  AE p u lse  
was tak en  from  B a n d  E was th e  sum o f th e  p u lse s  in  B and C. The 
h ig h e s t  energy  p ro to n s  w hich were s to p p ed  in  th e  t o t a l  o f  600  [! o f 
s i l i c o n  were 9 MeV. This im p lies  t h a t  f o r  unambiguous i d e n t i f i c a t i o n
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th e  energy  lo s s  d is t r ib u t io n s  from  th e  100-(i d e te c to r  fo r  9-MeV p ro tons 
d eu te ro n s  and t r i t o n s  must be co m p le te ly  s e p a ra te d . The c a lc u la t io n  
d id  p r e d ic t  s e p a ra t io n  o f th e se  d i s t r i b u t i o n s . I f ,  on th e  o th e r  hand, 
p a r t i c l e s  p e n e tra te d  in to  th e  t o t a l  a b s o rp tio n  d e te c to r  (D), th e  AE x E 
method was used  where AE was tak en  from  B + C and E was th e  sum 
B + C + D.
The exp erim en ta l s e p a ra t io n  betw een p a r t i c l e  ty p es  ach ieved  by th i s  
system  is  shown in  F ig .. 5* This f ig u r e  was made from  a computer p lo t  
o f  t o t a l  energy  v ersu s energy  lo s s  f o r  r e a c t io n  p a r t i c le s  s c a t te r e d  
from  CH a t  8 CP . F ig u re  5 (b ) shows a  "map" o f  a l l  p a r t i c le s  which 
p e n e tr a te d  b o th  AE c o u n te rs . Complete s e p a ra t io n  o f p ro to n s , d e u te ro n s , 
and t r i t o n s  is  observed down to  th e  e n e rg ie s  a t  which p a r t i c le s  a re  
ab so rb ed . In  th is  case t o t a l  energy  i s  th e  sum o f B + C + D and energy  
lo s s  i s  the  sum o f B + C. C le a r ly  v i s ib l e  in  th e  p ro to n  d a ta  a re  th e  
e l a s t i c  peak and th e  b. k  MeV le v e l ,  w h ile  s e v e r a l  d eu te ro n  and t r i t o n  
groups a re  a ls o  se e n . The symbols a re  an in d ic a t io n  o f th e  number o f 
p a r t i c l e s  in  each energy x energy  lo ss  " b in " .
F ig u re  5 (a )  shows a  AE v e rsu s  E map o f a l l  p a r t i c l e s  which pene­
t r a t e d  B and stopped  in  C. Once ag a in  com plete s e p a ra t io n  between 
p a r t i c l e s  is  observed fo r  a l l  en e rg ie s  down to  th e  p o in t  where p a r t i ­
c le s  a re  absorbed in  B. One sh o u ld  n o te  t h a t  no helium -3 or a lp h a  
p a r t i c l e s  a re  s e e n  in  F ig . 5 (b ) ,  s in c e  th e se  p a r t i c le s  a re  s to p p ed  
in  th e  500 -n  d e te c to r  a t  80° .
In  b o th  F ig s .  5 (a )  and 5 (b ) d i s t r i b u t io n s  o f counts a re  seen  which 
in d ic a te  some flaw s in  the  d e te c t io n  system . A d i s t r i b u t io n  o f counts 
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th a n  k MeV i s  observed  in  F ig .  5 (b ) .  These counts a re  c l e a r ly  n o t 
a lo n g  th e  normal charged  p a r t i c l e  d i s t r ib u t io n s  and th e  group is  th e r e ­
fo re  n o t id e n t i f i e d  as ’’r e a l "  d a ta .  These counts a r e ,  f o r  th e  m ost 
p a r t  (some a re  caused by r e a c t io n  t a i l  from the  t o t a l  a b so rp tio n  
d e te c to r ) ,  from gamma ra y  even ts  which a re  d e te c te d  by th e  system  
w ith  low p r o b a b i l i ty .  Most o f  th e  gammas a re  em itte d  by th e  carbon 
" s to p p e r” in  th e  F araday  cup.
I n  F ig .  5 (a )  th e re  is  a  d i s t r i b u t io n  o f counts lo c a te d  below th e  
p ro to n  d i s t r i b u t i o n ,  which in te rc e p ts  th e  p ro to n  d i s t r i b u t io n  a t  
~ 7  MeV on th e  t o t a l  energy a x i s . This d i s t r ib u t io n  is  formed by even ts 
w hich leav e  th e  back of th e  second  energy lo ss  d e te c to r  C a t  such  an 
an g le  t h a t  th e y  a re  n o t d e te c te d  in  th e  t o t a l  a b so rp tio n  d e te c to r  and 
w i l l  th e r e fo r e  n o t produce a  CD co in c id en ce . The m agnitude of th i s  
e f f e c t ,  w hich i s  caused  by m u lt ip le  coulomb s c a t te r in g  in  th e  AE 
d e te c to r s ,  sh o u ld  in c re a se  as th e  energy  w ith  which th e  p a r t i c l e  leav es  
th e  C d e te c to r  becomes s m a lle r .  I t  is  seen  th a t  th e  number o f counts 
in  t h i s  d i s t r i b u t io n  decreases  w ith  d ec reasin g  t o t a l  energy  and, 
s in c e  th e  CD co in c id en ce  was no t s e t  (a lth o u g h  i t  shou ld  have b een ), 
th e  t o t a l  energy o f  th e se  even ts  as seen  in  F ig . 5 (a )  sh o u ld  be th e  
en erg y  lo s s  o f th e se  even ts  i f  th e y  had been d e te c te d  in  th e  t o t a l  ab­
s o rp t io n  d e te c to r .  I t  is  seen  th e n  th a t  th e  counts in  t h i s  d i s t r i b u t io n  
co rresp o n d  to  p ro tons in  F ig . 5 (b ) w ith  en erg ies  between t o t a l  ab so rp ­
t i o n  an d ~ 2 4  MeV. The d a ta  p re se n te d  in  th i s  work have n o t been 
c o r re c te d  f o r  th is  e f f e c t ,  b u t th e  m agnitude o f  th e  e f f e c t  i s  d isc u sse d  
l a t e r .
I n  o rd e r to  id e n t i f y  p a r t i c l e  type  fo r  th o se  p a r t i c le s  which d id  
n o t p e n e tr a te  th e  f i r s t  energy  lo s s  d e te c to r  (B ), th e  tim e o f f l i g h t
21
o f  each e v en t was m easured over th e  ~ 5 0- cm d is ta n c e  betw een th e  t a r g e t  
and th e  100-p d e te c to r .  The approxim ate maximum p a r t i c l e  en e rg ie s  f o r  
which t im e - o f - f l ig h t  i d e n t i f i c a t i o n  was s o le ly  r e l i e d  upon were p ro to n  
~3«5 MeV, d eu te ro n  ~ ^ .5  MeV, t r i t o n  ~ 5 *5 MeV, helium -3 ~11 MeV, and 
a lp h a  ~13 MeV. The minimum tim e d if f e re n c e  which must be re so lv e d  was 
betw een 11 MeV h e liu m -3 's  and  a lp h as and was ~3 n sec .
F ig u re  6 is  a d a ta  map w hich shows e s tim a te d  p a r t i c l e  mass v ersu s 
energy  in  th e  B d e te c to r  f o r  a l l  p a r t i c l e s  which do n o t p e n e tra te  B.
The d a ta  shown i s  f o r  12C a t  30°. In  t h i s  case  one sees  c l e a r ly  se p a ­
r a te d  d i s t r ib u t io n s  o f p ro to n s , d e u te ro n s , mass th re e  ( |H e , 3 H) and • 
a lp h a s ,  a lth o u g h  in  e a r l i e r  runs (il-000 , 5000 , 6000  s e r i e s )  th e  se p a ­
r a t io n  was n o t as good betw een p a r t i c l e s . The v e r t i c a l  d i s t r i b u t io n  
o f  counts seen  a t  ap p ro x im a te ly  ^ .8  MeV was caused by a 234U a lp h a  
c a l ib r a t io n  so u rce  p la c e d  n e a r  th e  fa c e  o f th e  100-p. (B) d e te c to r .
The p ro to n  d i s t r i b u t io n  below ~1  MeV is  seen  to  be obscured  by a second 
d i s t r i b u t io n  a t  low e n e rg ie s .  This " fo ld  over"  d i s t r i b u t io n  is  caused  
by p a r t i c l e s  which have f l i g h t  tim es lo n g e r  th an  th e  p e r io d  betw een r f  
b u rs ts  and w i l l  " fo ld  over" in to  a  second r f  p e r io d  and be in c o r r e c t ly  
i d e n t i f i e d .  A lso observed  a re  mass 6 and J p a r t i c le s  and mass 10 and 
11  r e c o i l s .
3- T o ta l  A b so rp tio n  D e te c to r
I t  was d e s ir e d  in  t h i s  experim en t to  ach iev e  an o v e r a l l  d e te c to r  
system  r e s o lu t io n  c o n s id e ra b ly  b e t t e r  th a n  th a t  p re v io u s ly  re p o r te d  
f o r  60-MeV p ro to n s . This im p lied  r e s o lu t io n s  b e t t e r  th an  ~1$ , s in c e  
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C onsiderab le  re se a rc h  tow ard th e  developm ent o f a  d e te c to r  w ith  
improved r e s o lu t io n  r e s u l te d  in  a tech n iq u e  which employed s ta n d a rd  
l i th iu m - d r i f t e d  germanium d e t e c to r s . The d e ta i l s  o f th i s  in v e s t ig a t io n  
a re  re p o r te d  e lsew h ere ;24 however, th e  c h a r a c t e r i s t i c s ' 'o f  th e  d ev ice  
and i t s  c a p a b i l i t i e s  a re  d e sc rib e d  below .
The d e te c to r ,  shown s c h e m a tic a lly  in  F ig .  J,  was a p la n a r  l i th iu m -  
d r i f t e d  germanium d e te c to r  which was o r ie n te d  so  t h a t  th e  p ro to n s  
e n te re d  th e  dev ice in  a d i r e c t io n  p a r a l l e l  t o  th e  p lan es  which bound 
th e  com pensated re g io n , thus a f fo rd in g  s u f f i c i e n t  s to p p in g  d is ta n c e  
fo r  60-MeV p ro tons (~1 cm). Some o f th e  m easured c h a r a c te r i s t i c s  o f 
th i s  d e te c to r  a re : an energy r e s o lu t io n  (FWHM) as good as 55 keV 
(FWHM) f o r  60-MeV p ro to n s , a peak count to  t o t a l  count r a t i o  o f ~ 9 ^ ,  
c o n s is te n t  response  over th e  volume i r r a d i a t e d ,  and a c u r re n t-p u ls e  
r i s e  tim e o f  le ss  th an  5 n sec .
The d e te c to r ,  which must be k e p t in  a vacuum and a t  a  tem p era tu re  
n ea r t h a t  o f  l iq u id  n i tro g e n , was mounted on a " c o ld f in g e r"  o f  copper 
beh ind  a 0 .0 0 0 2 -i n . - t h i c k  nickel-w indow , l / 2  in .  in  diam . The th ic k ­
ness o f  th e  n ic k e l  window and o f th e  dead la y e r  on th e  s id e  o f th e  
germanium was determ ined  by m easurement o f th e  energy lo s s  from 
5 .5 -MeV a lp h a  p a r t i c l e s .  The dead la y e r  was found to  be e n t i r e ly  
a t t r i b u t a b l e  to  th e  n ic k e l  window and is  ~3 .6  mg/cm2 .
if. D e tec to r  System Response
The id e a l  t o t a l  a b so rp tio n  d e te c to r  and d e te c to r  system , when 
used  to  d e te c t  m onoenergetic p a r t i c l e s ,  would be exp ec ted  to  produce
24F . E . B ertran d  £ t  a l . ,  "A T o ta l  A b so rp tio n  D e te c to r  f o r  60-MeV 
P ro to n s  U sing L ith iu m -D rif ted  Germanium", P roceed ings o f N in th  S c in -  
t i l l a t i o n  and Sem iconductor Symposium, Ju n e , 1966 , p . 2 7 9 .
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F ig . 7 . Schem atic o f  Germanium T o ta l  A bsorp tion  D e te c to r .
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an e x a c t ly  m onoenergetic  p u lse  h e ig h t  spectrum . In  p r a c t i c e ,  however, 
s e v e ra l  f a c to r s  c o n sp ire  to  p rev e n t th e  r e a l i z a t i o n  o f such a d e te c to r  
resp o n se  even f o r  a  m onoenergetic  beam o f p a r t i c l e s .  Among th e  con­
s p ir in g  f a c to r s  a re :
a .  I n t r i n s i c  s t a t i s t i c a l  r e s o lu t io n  o f th e  d e te c to r .  In  th e  case 
o f th e  germanium, t h i s  was found to  be le s s  th an  25 keV f o r  
60-MeV p r o to n s .
b . Spread  in  th e  a m p lif ie r - a n a ly z e r  system . In  a ty p ic a l  run  th i s  
sp re a d  was ~30 keV.
c . S c a t te r in g  o f  th e  in c id e n t p a r t i c l e s  o u t o f th e  d e te c to r  (o u t 
of th e  com pensated re g io n  o f the  germanium d e te c to r )  b e fo re  
th e  t o t a l  energy  o f th e  p a r t i c l e  has been l o s t .  I t  was c a lc u ­
la te d 25 t h a t  ~ 1 .2  mm o f th e  beam en tra n ce  window in to  th e  
germanium sh o u ld  be masked o f f  (se e  F ig .  7) in  o rd e r to  in su re  
th a t  99# o f th e  60-MeV p ro to n s  d e te c te d  would lo se  a t  l e a s t  
99*8# o f t h e i r  energy  in  th e  d e p le te d  r e t io n .  Such a  mask was 
u sed .
d . " P ile -u p "  o f  p u lse s  in  th e  p u lse  h e ig h t a n a ly s is  sy stem . An 
e le c t r o n ic  system  designed  to  reduce th i s  e f f e c t  is  d isc u sse d  
below .
e .  P a r t i c l e s  which e n te r  th e  germanium may undergo n u c le a r  r e a c ­
t io n s  w ith  th e  m a te r ia l  of th e  d e te c to r ,  and some o f th e  
in c id e n t  energy  may be l o s t  th rough  th i s  r e a c t io n .  These 
re a c t io n s  may produce a low energy  " t a i l "  on th e  peak . I t  has
2 5 L. Eyges, Phys . Rev. 76 , 26k (19^9 ).
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been m easured t h a t  ~ 6$ o f d e te c te d  60-MeV p ro to n s  have such a 
r e a c t io n  in  th e  germanium, a f ig u re  com parable to  t h a t  f o r  
60-MeV p ro to n s  d e te c te d  in  Nal d e te c to r s .3B The " re a c tio n  
t a i l "  is  un av o id ab le  and th e  d a ta  m ust be c o r re c te d  f o r  th is  
e f f e c t .
f* P a r t i c l e s  may lo se  energy  b e fo re  th ey  e n te r  th e  d e te c to r  by 
s c a t t e r in g  from  th e  edges o f th e  d e te c to r  system  c o ll im a to rs .  
This s c a t te r in g  w i l l  a ls o  cause a  low energy  t a i l  in  th e  peak .
E f f o r ts  were made t o  p re v e n t t h i s  form  o f t a i l .
There is  a b a s ic  d if f e re n c e  in  th e  manner in  w hich th e  r e a c t io n  t a i l  
and c o ll im a to r  edge t a i l  e n te r  th e  d e te c t io n  system  used  in  th is  e x p e r i­
m ent. This d if f e r e n c e  was employed to  m easure th e  m agnitude o f each 
t a i l .
S ince  a  p a r t i c l e  s c a t t e r e d  from  th e  c o ll im a to r  edge lo ses  energy 
b e fo re  i t  e n te r s  th e  d e te c to r  system , th e  energy  lo s s  p u lses  a re  based 
on th e  reduced  en erg y  ( E ')  and th e  p k r t i c l e  is  th e re b y  id e n t i f i e d  as 
a s c a t te r e d  p ro to n  w ith  energy  E ' .  On th e  o th e r  hand, th e  energy  l o s t  
th rough  n u c le a r  r e a c t io n s  w ith in  th e  t o t a l  a b s o rp tio n  d e te c to r  is  n o t 
l o s t  u n t i l  th e  p a r t i c l e  has p assed  th rough  th e  AE c o u n te rs .  T h e re fo re , 
in  th e  l a t t e r  case  th e  AE p u lse s  a re  b ased  on in c id e n t  energy E, b u t 
energy  is  l o s t  in  th e  t o t a l  a b so rp tio n  d e te c to r .  This ty p e  o f energy 
lo ss  is  observed  as a d i s t r i b u t io n  o f even ts w ith  c o n s ta n t AE, b u t 
w ith  a l l  v a lu es  o f t o t a l  energy  le s s  th a n  E.
An a ttem p t was made to  e lim in a te  c o ll im a to r  t a i l  in  th i s  experim ent
th rough  th e  u se  o f a th in  p l a s t i c  s c i n t i l l a t o r  as a  " s o f t"  c o ll im a to r ,
2 6 D. F . Measday, N uclear In stru m en ts  and M ethods, 3*S 353 (196*0.
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thus red u c in g  th e  c o ll im a to r  th ic k n e s s .  The " s o f t ” c o ll im a to r  se rv e s  
as an a n ti-c o in c id e n c e  d e te c to r  ■which v e to s  any ev en t w hich p e n e tra te s  
i t s  body; however, a  c o llim a te d  e v e n t, one which does n o t p e n e tr a te  
th e  c o l l im a to r ,  does n o t cause a v e to  p u l s e . The th ic k n e ss  o f th e  
" s o f t"  c o ll im a to r  was 1 mm, as compared t o  a th ic k n e ss  o f ^  in .  o f 
n ic k e l  and b ra ss  n e ce ssa ry  f o r  a  "h ard "  c o l l im a to r .
To m easure th e  amount o f t a i l  p roduced  by th e  c o l l im a to r  and t o t a l  
a b s o rp tio n  d e te c to r ,  th e  d e te c to r  system  was p la c e d  in  th e  d i r e c t  beam 
and th e  resp o n se  of th e  system  m easured f o r  th e  in c id e n t  p ro to n s  a t  
v e ry  low count r a te s  (~200 p r o to n s /s e c ) .  The amount o f  sp re a d  in  th e  
in c id e n t  beam was ~30 keV f o r  th e se  t e s t s  and th e r e fo r e  d id  no t 
a f f e c t  th e  o v e r a l l  r e s o lu t io n .
F ig u re  8 shows th e  e f fe c t iv e n e s s  o f th e  " s o f t"  c o l l im a to r .  The 
d i s t r ib u t io n s  seen  in  F ig s .  8 (a )  and 8 (b )  were tak en  in  th e  d i r e c t  beam 
and show d a ta  maps o f £E v e rsu s  E . I n  F ig .  8 (b )  th e  re sp o n se  is  shown 
as m easured w ith  a h ard  c o ll im a to r  o f  ^ f - in .- th ic k  n ic k e l .  One observes 
two d i s t r ib u t io n s  below th e  in c id e n t  p ro to n  p eak . The t a i l  due to  
n u c le a r  r e a c t io n s  is  seen  as a con tinuous d i s t r i b u t i o n  o f p a r t i c le s  
a long  th e  t o t a l  energy  ax is  w ith  c o n s ta n t energy  lo s s .  The second 
d i s t r i b u t io n  is  caused  by c o ll im a to r  s c a t t e r in g  and would be id e n t i f i e d  
as r e a l  d a ta  d u rin g  a " s c a tte re d "  ru n .
F ig u re  8 (a )  shows th e  resp o n se  o b ta in e d  when on ly  a s o f t  c o l l i ­
m ator i s  u sed . The t a i l  from  re a c t io n s  i s  s t i l l  observed  b u t no con­
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5* D e te c to r  System M ounting
F ig u re  9 shows th e  e n t i r e  d e te c to r  system 37 mounted in  th e  s c a t t e r ­
ing  cham ber.28 S ince  th e  l i th iu m - d r i f t e d  germanium d e te c to r  m ust be 
k e p t n ea r a  tem p era tu re  o f  78° K, l iq u id  n i tro g e n  was b ro u g h t in to  a 
s ta in l e s s  s t e e l  dewar th ro u g h  one o f  th e  f l e x ib l e  m e ta l vacuum l in e s  
se e n  in  th e  f ig u r e  and a  second  l i n e  was used to  v e n t th e  n i tro g e n  
system . The t h i r d  m e ta l l i n e  was vised to  c o n tin u o u sly  pump on th e  
vacuum ja c k e t  around th e  n i tro g e n  f la s k .  The dewar was f i l l e d  rem ote­
l y  upon demand as in d ic a te d  by th e  tem pera tu re  o f a  therm ocouple 
suspended in  th e  l iq u id  n i tro g e n . The e n t i r e  assem bly was mounted on 
a t a b le  which was r o ta ta b le  to  any angle w ith in  th e  chamber.
The s i l i c o n  d e te c to rs  were mounted d i r e c t l y  beh in d  th e  s o f t  c o l l i ­
m ator and as c lo s e ly  as p o s s ib le  to  each o th e r  and to  th e  germanium 
d e te c to r .  C ontacts were made to  b o th  s id e s  o f each AE d e te c to r  by 
use  o f n ic k e l  r in g s ,  0.005 in .  th ic k .  In  an e f f o r t  to  keep th e  le n g th  
o f le a d  betw een th e  d e te c to rs  and th e  p re a m p lif ie r  and f a s t  a m p lif ie r  
as s h o r t  as p o s s ib le ,29 a  ta b  o n ly  ^  in .  long in  th e  o u te r  edge of 
each r in g  was connected  d i r e c t l y  to  a BNC connecto r to  which th e  p r e ­
amps were connected .
The s o f t  c o ll im a to r  was c o n s tru c te d  from  1-mm-thick NE-102 p l a s t i c  
s c i n t i l l a t o r .  The c o ll im a tin g  h o le  in  th e  p l a s t i c  was r e c ta n g u la r ,
27The d e s ig n  and c o n s tru c tio n  o f th e  d e te c to r  mounts and th e  cryo - 
s t a t  f o r  th e  germanium d e te c to r  were done in  la rg e  p a r t  by R. W. Ward 
o f  th e  P hysics D iv is io n  o f  Oak Ridge R a tio n a l L ab o ra to ry .
28The d es ig n  and im plem entation  of m ajor changes to  an e x is t in g  
s c a t te r in g  chamber were done under th e  d i r e c t io n  o f  R. J .  De Bakker o f 
th e  P la n t  and Equipment D iv is io n , Oak Ridge N a tio n a l L ab o ra to ry .
29N. W. H i l l  and R. W. P e e l le ,  ORNL-3973> N eutron P h y sics  D iv is io n  
Annual R eport f o r  P e r io d  Ending May 31> 1966, p . 97-
30
P ig .  9* D e te c to r  System Mounted in  S c a t te r in g  Chamber.
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0 .77  cm X 0 .35  cm, s in c e  t h i s  was th e  shape o f  th e  u s a b le  en tran ce  
a re a  o f  th e  germanium d e te c to r  (see  P ig .  8 ) .  The s c i n t i l l a t o r  was 
mounted betw een two p iec e s  o f  b r a s s ,  th e  in n e r  edges o f  which were 
ta p e re d  t o  en su re  t h a t  no p ro to n s  co u ld  s t r i k e  any p a r t  o f th e  b rass  
and e n te r  th e  d e te c to r  system  w ith o u t f i r s t  p a s s in g  th ro u g h  th e  veto  
s c i n t i l l a t o r .  An RCA 8575 p h o to m u lt ip lie r  tu b e  was coupled  to  th e  top  
o f th e  s c i n t i l l a t o r .
S ince th e  u s a b le  e n tra n c e  a re a  in to  th e  germanium d e te c to r  was 
sm a ll, th e  a lig n m en t betw een c o ll im a to r  and germanium was e s p e c ia l ly  
c r i t i c a l .  The p o s i t io n  o f th e  mount which h e ld  th e  c o ll im a to r  and th e  
AE d e te c to r s  was th e r e fo r e  a d ju s ta b le  h o r iz o n ta l ly  and v e r t i c a l l y .
C. E le c tro n ic s
The e le c t r o n ic s  used  in  t h i s  experim ent c o n s is te d  o f th re e  b a s ic  
sy stem s, th e  l i n e a r  p u lse  a n a ly s is  system , th e  f a s t  lo g ic  system , and 
th e  in te rfa c e -c o m p u te r  system . The f a s t  tim in g  system  was used f o r  a l l  
co in c id en ce  and lo g ic  d e c is io n s  as w e ll  as t im e - o f - f l i g h t  a n a ly s is ,  
w h ile  th e  slow  system  was u sed  f o r  l i n e a r  p u ls e -h e ig h t  a n a ly s is  o f th e  
d a ta .  The two system s were combined in  an in te r f a c e  and th e  computer 
was vised f o r  o n - lin e  d isp la y s  and to  w r i te  d a ta  on IBM -compatible 
m agnetic ta p e .
A b lo ck  diagram  o f th e  e le c tro n ic s  system  is  shown in  F ig .  10.
Shown a t  th e  to p  o f th i s  f ig u r e  a re  th e  fo u r  d e te c to r s  which comprised 
th e  co u n te r te le s c o p e :  A - th e  s o f t  c o l l im a to r ,  B - lOO-n d e te c to r ,
C - 500-n d e te c to r ,  D - germanium, t o t a l  a b s o rp tio n  d e te c to r .  A 
tim in g  and l i n e a r  (ex cep t A) s ig n a l  were o b ta in e d  s im u ltan eo u s ly  from 
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p re a m p lif ie r  and a  f a s t  a m p lif ie r  w hich were p la c e d  in s id e  th e  s c a t t e r ­
in g  chamber in  o rd e r  to  red u ce  le a d  le n g th  from  th e  d e te c to r s . The 
p re a m p lif ie rs  and f a s t  a m p lif ie r s  were connected  to  th e  rem ainder o f 
th e  e le c tro n ic s  by ~100 f t  o f c a b le .
1 . L inear P u lse  System
The p re a m p lif ie rs  fo r  th e  slow  s ig n a ls  from  each d e te c to r  were a l l  
s o l i d  s t a t e  w ith  f i e l d - e f f e c t  t r a n s i s t o r  in p u ts .30 The preamps were 
designed  to  meet th e  s p e c ia l  needs o f t h i s  experim ent and , in  p a r t i ­
c u la r ,  to  have v e ry  good s t a b i l i t y  and l i n e a r i t y  over a  la rg e  dynamic 
range when o p e ra tin g  in  a vacuum environm ent. The d e s ig n  and perfo rm ­
ance o f th e  p re a m p lif ie rs  is  d isc u s se d  in  the  re fe re n c e  quo ted , b u t i t  
i s  p e r t in e n t  to  s t a t e  t h a t  th e  lo n g -te rm  s t a b i l i t y  o f th e  e n t i r e  
p u ls  e -h e ig h t  a n a ly s is  system  was much b e t t e r  th a n  1 .0$  when used  under 
ex p e rim en ta l c o n d i t io n s .
The l in e a r  a m p lif ie rs  used  on each d e te c to r  were Tennelec TC-200 
a m p lif ie rs  o p era ted  w ith  0 .8 -n s e c  in te g r a t in g  tim e c o n s ta n t and double 
d i f f e r e n t i a t i o n  tim e o f 0 .8  [isec . These tim e co n s ta n ts  were judged 
in  th e  case  o f th e  germanium c o u n te r  to  be a  good compromise f o r  values 
needed to  reduce th e  e f f e c ts  o f  coun t r a t e  b roaden ing  and  th e  " B a l l i s ­
t i c  D e fe c t" .24
The l in e a r  p u lse  h e ig h ts  from  each a m p lif ie r  were an a ly zed  a t  a 
g a in  o f 0 .05 MeV/channel in  a  s e p a ra te  analog  to  d i g i t a l  c o n v e r te r  
(ADC). A V ic to reen  ADC, Model No. 516 ADC-2P-B, was used  f o r  a n a ly s is  
o f th e  C and D p u lse s  where th e  maximum channels were 102k and 20kS}
30N. W. H i l l  e t  a l . ,  Vacuum-Hardened, C h a rg e -S e n s itiv e  P re a m p lif ie r  
(To be p u b lish e d ) .
r e s p e c t iv e ly .  The s ig n a ls  from  B and from  th e  tim e to  am plitude  con­
v e r t e r  were an a ly zed  in  RIDL a n a ly z e rs  w ith  maximum channels o f 512 and 
2 5 6 , r e s p e c t iv e ly .  The s lo p e  in te r c e p t  o f  each a n a ly z e r  was a d ju s te d  
so  t h a t  ze ro  p u lse  h e ig h t o ccu rred  in  a  ch annel g r e a te r  th a n  ze ro .
2 . Timing P u lse  System
For each ev en t d e te c te d  in  th e  co u n te r system , a s ig n a l  f o r  u se  in  
th e  f a s t  lo g ic  system  was e x tr a c te d  from th e  th re e  c o u n te rs , B, C, 
and D. In  th e  case  o f th e  s i l i c o n  d e te c to rs  B and C, th e  f a s t  s ig n a l  
was tak en  from  one s id e  o f th e  d e te c to r  and th e  slow  s ig n a l  from th e  
o th e r ,  w h ile  f o r  th e  germanium d e te c to r  a  f a s t  s ig n a l  was p ick ed  o f f  
from  th e  in p u t to  th e  slow  p re a m p lif ie r  s in c e  o n ly  one s id e  o f th e  
d e te c to r  was a v a i la b le  f o r  s ig n a l s .29 The r i s e  tim es o f  th e  s ig n a ls  
from  a l l  th e  d e te c to r s  were a  few nanoseconds, b e in g  as f a s t  as 1 
nanosecond in  th e  case  o f B.
I f  an ev e n t h i t  th e  a c t iv e  c o l l im a to r ,  a  f a s t  s ig n a l  was tak en  
from  th e  anode o f  th e  RCA 8575 p h o to m u ltip lie r  tu b e . The r i s e  tim e of 
t h i s  s ig n a l  was ~ 3  n sec .
The f a s t  s ig n a ls  from B, C, and D were a m p lif ie d  in  f a s t  am pli­
f i e r s  desig n ed  t o  match th e  c h a r a c te r i s t i c s  o f each  d e te c to r .  In  
g e n e ra l ,  th e  a m p lif ie r s  had a  g a in  between 3000  and 4000, a  r i s e  tim e 
as f a s t  as 2  nsec  f o r  \  nsec r i s e  tim e p u lse  a t  th e  in p u t ,  o u tpu ts  
te rm in a te d  in  50  fi, and were l in e a r  to  ~ 0 .5  v o l ts  a t  th e  o u tp u t .31
3 . Logic System
The purpose o f th e  f a s t  lo g ic  system , as shown in  F ig .  10, was to  
c h a ra c te r iz e  each  ev en t in  terms o f dep th  o f  p e n e tr a t io n  in to  th e
31 The f a s t  a m p lif ie rs  used  were designed  by N. W. H i l l ,  In strum en­
t a t i o n  and C o n tro ls  D iv is io n , Oak Ridge N a tio n a l L ab o ra to ry , and a re  
u n p u b lish ed .
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d e te c to r  system  and to  inform  th e  com puter o f th e  o ccu rren ce  o f an 
e v e n t.  I t  has been s t a t e d  p re v io u s ly  th a t  th e r e  a re  th r e e  c la s s e s  o f 
v a l id  e v e n ts :  th o se  which p e n e tr a te d  b o th  s i l i c o n  d e te c to r s  (B and C)
and s to p p ed  in  th e  germanium d e te c to r ,  th o se  which p e n e tr a te d  th e  1 00 -p, 
d e te c to r  and s to p p ed  in  th e  5 0 0 -jj. d e te c to r ,  and th o se  which s to p p ed  in  
th e  100 -p, d e te c to r .
A ll  ev en ts  which p e n e tr a te d  C and s to p p ed  in  D sh o u ld  have p ro ­
duced f a s t  s ig n a ls  above th e  C and D d is c r im in a to r  th re sh o ld s  and 
would th e r e fo r e  have produced a  co in c id en ce  u n le ss  th e  ev en t a ls o  
p e n e tra te d  th e  c o l l im a to r  in  w hich case a  v e to  p u lse  was produced 
which p re v e n te d  a n a ly s is  o f  th e  e v e n t. This c o in c id en ce , la b e le d  ACD, 
was fe d  in to  an OR c i r c u i t  (A le r t  OR), th e  o u tp u t o f  which was vised 
t o  inform  th e  com puter o f  th e  o ccu rren ce  o f an e v e n t. A second  o u t­
p u t from  th e  ACD co in c id en ce  was vised to  " f la g "  th e  ev en t (F la g  2 ) .
I f  an ev en t o ccu rred  w hich p e n e tra te d  B and s to p p ed  in  C, a  c o in c i ­
dence betw een B and C was made, w hich s e t  th e  f la g  la b e le d  F la g  1, 
p ro v id e d  th e r e  was no A s ig n a l .  The B d is c r im in a to r  f i r e d  on a l l  
even ts  w hich s to p p ed  in  C. I t  sh o u ld  be p o in te d  o u t t h a t  th e  B d i s ­
c r im in a to r  may n o t have f i r e d  on th e  h ig h e s t  energy  ev en ts  which 
p e n e tra te d  B and C due to  th e  sm a ll energy  lo s s  in  th e  100-p. d e te c to r .  
In  th e  case  o f a  ABC co in c id en ce  and no ACD co in c id en ce  ( in d ic a t in g  th e  
e v en t s to p p ed  in  C), th e  com puter system  was a le r t e d  from th e  p u lse  in  
B. The th re sh o ld s  f o r  f a s t  s ig n a ls  as determ ined  by  th e  d is c r im in a to r  
l e v e l  were no h ig h e r  th a n  500 keV f o r  B and C and 300 keV f o r  D.
I t  w i l l  be r e c a l le d  t h a t  in  o rd e r  to  id e n t i f y  p a r t i c l e  ty p e  f o r  
th o se  even ts  which s to p  in  B, i t  was n e ce ssa ry  to  m easure th e  tim e o f
f l i g h t  o f  th e  e v e n t.  The f l i g h t  tim e f o r  each d e te c te d  ev e n t was 
m easured betw een th e  t a r g e t  and th e  1 00 -jj. d e te c to r  u s in g  an 
EG & G TC-100 A, tim e -to -a m p litu d e  c o n v e r te r  (TAC). The s t a r t  p u lse  
f o r  th e  TAC was o b ta in e d  from  th e  AB f a s t  s ig n a l  and th e  s to p  p u lse  
from  th e  c y c lo tro n  RF, w hich has a  p e r io d  o f n se c . In  th e  case  o f 
even ts which s to p  in  B, th e  com puter system  re c e iv e d  an a l e r t  from  th e  
AB p u ls e .  The o u tp u t o f th e  TAC was fe d  in to  a  slow  a m p l i f ie r ,  then  
in to  a  256 -c h a n n e l a n a ly z e r .  I t  sh o u ld  be n o ted  th a t  no f l a g  was used  
to  s ig n a l  a t im e - o f - f l i g h t  ev e n t; how ever, th e  la c k  o f  a  ABC and a  
ACD f l a g  In d ic a te s  th e  e v e n t s to p p ed  in  th e  100-(jl d e te c to r .
The e n t i r e  system  was a l s o  a l e r t e d  from  a r t i f i c i a l l y  produced 
p u ls e r  e v e n ts . The p u ls e r  system  c o n s is te d  o f  two p r e c is io n  slow  
p u ls e r s  (one f o r  D p u lse s  w ith  p o s i t iv e  o u tp u t,  th e  o th e r  f o r  B and C 
w ith  n e g a tiv e  o u tp u t) ,  b o th  d r iv e n  by a  s in g le  d r iv e r  such  t h a t  th e  
p u lse s  f i r e d  o u t o f  phase w ith  one a n o th e r . A f a s t  s ig n a l  was ex­
t r a c te d  from  each p u ls e r  as i t  f i r e d  and was used  to  a l e r t  th e  system  
th rough  th e  A le r t  OR and s e t  th e  P u ls e r  F lag  which i d e n t i f i e d  th e  even t 
as a r t i f i c i a l l y  p roduced . S in ce  th e  two p u lse s  d id  n o t f i r e  a t  th e  
same tim e , th e  same system  was a ls o  used  to  check th e  b a s e l in e  s t a b i ­
l i t y  f o r  th e  B, C, and D a n a ly z e r s .  This was p o s s ib le  s in c e ,  f o r  
example, when a  D p u ls e r  p u ls e  was produced , ze ro  p u lse  h e ig h t  was 
p r e s e n t ' i n  th e  B and C a n a ly z e rs  and th e  co n ten ts  o f  a l l  a n a ly z e rs  
were re a d  f o r  each ev en t.
4 . Computer and I n te r f a c e
The p u lse s  from  th e  f a s t - l o g i c  system  and th e  p u lse  h e ig h ts  from 
th e  fo u r  a n a lo g - to - d ig i t a l  c o n v e r te rs  w ere connected  t o  an o n - l in e
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PDP-8  com puter th rough  an i n t e r f a c e .3 2 ' 33  The A le r t  p u lse  was th e  
i n i t i a l  l in k  betw een th e  lo g ic  system  and com puter system  f o r  each 
e v e n t. I f  th e  a n a ly s is  system  was busy , an (A le rt-B u sy ) co in c id en ce  
was n o t produced and th e  ev en t was n o t p ro c e sse d . I f ,  on th e  o th e r  
hand, th e  system  was n o t busy , th en  a p u ls e  c a l le d  th e  Encode was s e n t  
from  th e  (A le rt-B u sy ) co in c id en ce  to  th e  experim ent i n t e r f a c e .  The 
Encode p u lse  produced a t r i g g e r  f o r  each  analog  to  d i g i t a l  c o n v e r te r  
which re q u ire d  each ADC to  an a ly ze  th e  p u lse  a t  i t s  in p u ts . I t  sh o u ld  
be n o ted  t h a t  th e  an a ly ze rs  cou ld  on ly  be t r ig g e r e d  by  an ev en t which 
produced  an  A le r t .  The com puter w a ite d  u n t i l  a l l  fo u r  ADC’s had 
f in i s h e d  a n a ly s is  b e fo re  th e  ADC co n te n ts  were t r a n s f e r r e d  to  th e  
com puter th rough  th e  "d a ta  b re a k " . Upon com pletion  o f t r a n s f e r  o f  a l l  
in fo rm a tio n  f o r  th e  ev en t a  T ra n s fe r  A ccepted p u lse  was s e n t  from  th e  
com puter, which r e s e t  th e  ADC’s and a l l  f l a g s ,  e n a b lin g  th e  system  t o  
a c c e p t an o th e r  e v e n t.
The c o n te n t o f  each  ADC was t ra n s m it te d  as one 1 2 -b it  PDP-8  w ord .34 
S in ce  th e  c o n ten ts  o f  th e  ADC’s d id  n o t r e q u ir e  th e  f u i l  12 b i t s
(maximum re q u ire d  is  11, by D ), th e  rem ain ing  b i t s  were used  to  t r a n s ­
m it th e  " s ta tu s  f la g s "  f o r  th e  ev en t under a n a ly s is .  For each e v e n t, 
th e  fo llo w in g  f la g s  were tra n s m itte d :  ABC, ACD, P u ls e r ,  P i le -u p ,  and
an overflow  f l a g  from  each ADC.
32W. R. Burrus e t  a l . ,  "A PPP-8  I n te r f a c e  f o r  a  C h a rg e d -P a rtic le
'N uclear P h y sics  E xperim ent" , 0RNL-TM-2013, 19&7•
3 3 E. Madden, "M ulti-A nalyzer S to red  Program D ata A c q u is it io n  System 
I n te r f a c e " , ORNL-TM-2153, I960*
34The PDP-8  com puter programs used  in  t h i s  experim ent a re  found in  
th e  fo llo w in g  p u b lic a t io n s  by  B. W. R ust and W. R. B urrus: " F le x i-
Kludge-A M u lti-P a ram ete r N uclear Spectrum  Summing System f o r  th e  PDP-8 " , 
ORNL-TM-I8 7 9 , 1967; and "S u p er-F lick e rs-A n  On-Line D ata A c q u is itio n  
System f o r  th e  PPP-8 " , ORNL-TM-1 8 7 ,  19&7*
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The d a ta  from  each  ev en t, w hich was co n ta in ed  in  fo u r  com puter 
w ords, was examined a t  th e  p rog ram 's  convenience and s to r e d  i n  a  5 1 2 - 
w ord -lo n g  (128 e v e n ts )  re g io n  in  th e  computer memory. When t h i s  
" b u f fe r"  re g io n  was f u l l ,  th e  128  even ts  were w r i t te n  as one re c o rd  
on IBM co m p atib le , 7 - t r a c k ,  m agnetic ta p e .
5 . P ile -U p  R e je c tio n  System
I n  a d d i t io n  to  th e  fu n c tio n s  d e sc rib e d  above, th e  f a s t  puLses were 
a ls o  used  in  a  p i le -u p  d e te c t io n  system . P i le -u p  in  th e  case d e sc rib e d  
h e re  was caused  by th e  o v e rla p  o f  p u lse s  from two even ts in  th e  slow  
p u lse  h e ig h t a n a ly s is  system . A lthough th e  d e te c to rs  used  in  th e  
co u n te r  system  reco v ered  v e ry  r a p id ly  from an e v e n t ( a l l  the charge  is  
c o l le c te d  from  th e  germanium d e te c to r  in  100 to  150 n sec ) th e  p u lse s  
o u t o f th e  slow  a m p lif ie rs  may n o t r e tu r n  to  w ith in  0 . 1$ of th e  b a se ­
l i n e  f o r  ~10 (osec. I f  a second  p u lse  occurs d u rin g  th is  in t e r v a l ,  th e  
p u lse s  w i l l  o v e rla p  and p ro p e r a n a ly s is  o f e i th e r  in d iv id u a l p u ls e  
may be p re v e n ted .
The reg io n s  in  tim e b e fo re  and a f t e r  a  p u lse  in  which p i le -u p  may 
occu r were de term in ed  n o t o n ly  by th e  a m p lif ie r  tim e co n s ta n ts  b u t in  
t h i s  case  a ls o  by th e  o p e ra tio n  o f  th e  V ic to reen  an a ly ze rs  u sed  on C 
and D. The g a te s  on th e  in p u ts  o f th e se  ADC's were norm ally  c lo se d  
and when t r ig g e r e d  from p red e te rm in ed  e x te rn a l  c o n d i t io n s , opened to  
a c c e p t th e  p u lse  p re s e n t  a t  t h e i r  in p u ts  and rem ained open f o r  ~ 3  p sec , 
a f t e r  which tim e th e y  c lo se d  a g a in . The g a te  could  no t reopen u n t i l  
a n o th e r  t r i g g e r  was produced which cou ld  no t occur u n t i l  the  p r e s e n t  
a n a ly s is  was f in i s h e d .  A lthough a  background even t o n ly  r a r e ly  p ro ­
duced a  t r i g g e r  p u lse  f o r  th e  system , th e  l in e a r  s ig n a l  from th e
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background appeared  a t  th e  a n a ly z e r  in p u t .  This p u lse  may a f f e c t  th e  
a n a ly s is  o f a  second  p u ls e , which caused an a l e r t  and o ccu rred  a f t e r  
th e  a r r i v a l  o f  th e  background p u lse  by  le s s  th a n  20  |j.sec.
The two b a s ic  c o n d itio n s  which co u ld  cause p i le -u p  in  th e  slow  
a n a ly s is  system  a re :
a . An ev en t w hich produced an a l e r t  fo llo w e d  by an o th e r even t (o f 
such a  p u lse  h e ig h t t h a t  i t  would in c re a se  th e  v o lta g e  o u t o f  
th e  ADC) o f  any  type  w ith in  3 Msec.
b . An ev en t w hich d id  n o t produce an a l e r t  ( e .g .  background) 
fo llo w ed  by an  ev en t which produced an a l e r t  w ith in  20  Msec.
Under e i t h e r  o f th e  above c o n d it io n s , a  p i le -u p  would occur and i t  
was. des i r e d  to  " f la g "  th es  e e v e n ts .
S ince th e  p u lse  which produced th e  p i le -u p  may have o r ig in a te d  in  
any o f  th e  th r e e  d e te c to r s ,  B, C, o r  D, th e  o u tp u ts  o f th e se  f a s t  
d isc r im in a to rs  were fe d  in to  an OR c i r c u i t  la b e le d  BCD OR in  F ig . 10. 
This in su re s  an  o u tp u t from th e  OR c i r c u i t  f o r  ev ery  event d e te c te d , 
r e a l  o r background. The OR o u tp u t was used  as th e  in p u t f o r  an EG&G, 
PUG-100 a n t i - p i l e - u p  g a te .  The f i r s t  p u lse  which a r r iv e d  a t  th e  in p u t 
o f  th e  p i le -u p  g a te  tu rn e d  th e  g a te  c i r c u i t  "on” f o r  a p r e s e t  le n g th  
o f tim e ( in  t h i s  case  20 M sec). I f  a  second p u lse  a r r iv e d  a t  th e  
in p u t to  th e  g a te  w ith in  th i s  tim e in t e r v a l ,  an  o u tp u t p u lse  was p ro ­
duced and th e  tim e r  was s e t  so  i t  would ex tend  an a d d i t io n a l  20  Msec. 
I f ,  on th e  o th e r  hand , a  second p u ls e  d id  n o t a r r iv e  w ith in  20 Msec, 
th e  g a te  was r e s e t .
C onsider th e  f i r s t  o f th e  two c o n d itio n s  f o r  p i le -u p  in  which an 
even t o ccu rred  w hich produced an a l e r t  fo llo w ed  w ith in  3 Msec by any
ho
ty p e  o f e v e n t. I f  th e  system  was n o t busy , th e  f i r s t  e v en t produced 
an Encode p u lse  and a ls o  s e t  th e  a n t i - p i l e - u p  g a te .  The a r r i v a l  o f 
th e  Encode p u lse  a t  th e  in te r f a c e  caused  a  second g a te  ( l a b e l le d  3 psec 
Gate in  F ig .  10) to  f i r e  and produce a  p u lse  l a s t i n g  f o r  3 Msec on th e  
in p u t o f  th e  p i le -u p  f la g  co in c id en ce  c i r c u i t .  The Encode p u lse  
t r ig g e r e d  th e  an a ly ze rs  and t h e i r  g a te s  were open f o r  3 Msec. The 
second p u ls e ,  w hether o r  n o t i t  was a ’’t ru e "  e v e n t, caused  th e  a n t i -  
p i le -u p  g a te  to  f i r e ,  and s in c e  th e  second  p u lse  a r r iv e d  le s s  th an  
3 M360  a f t e r  th e  f i r s t ,  th e  o u tp u t o f th e  p i le -u p  c i r c u i t  was in  
co in c id en ce  w ith  th e  3 Msec g a te  p u ls e  and a  p i le -u p  f la g  was produced .
In  th e  second c o n d itio n  th e  f i r s t  p u lse  d id  n o t s e t  th e  a l e r t  b u t 
was p re s e n t  a t  th e  in p u t to  th e  a n a ly z e r  g a t e s . This p u lse  tu rn e d  on 
th e  p i le -u p  g a te  c i r c u i t  f o r  20 Msec. The second , " t ru e " ,  p u lse  which 
o ccu rred  le s s  th an  20  |isec  l a t e r  caused  an a l e r t  and f i r e d  th e  p i le -u p  
and th e  3 Msec p u lse  g a te , thus p roducing  a p i le -u p  f la g  c o in c id e n c e .
I t  sh o u ld  be no ted  t h a t ,  i f  th e  second p u lse  had been an o th e r  background 
e v e n t, th e  p i le -u p  g a te  would have f i r e d  (and been  r e s e t )  b u t th e  la c k  
o f  a  3 Msec p u lse  on th e  p i le -u p  f l a g  co in c id en ce  c i r c u i t  in p u t would 
p rev en t th e  p ro d u c tio n  o f a  f l a g .  This avo ided  s e t t i n g  th e  f la g s  by 
background e v e n ts .
I t  i s  seen  in  F ig .  10 th a t  th e  p u ls e r  in d ic a to r  ( f a s t  s ig n a l )  and 
th e  ACD and ABC co in c id en ce  o u tp u t were re q u ire d  to  be in  co in c id en ce  
w ith  th e  Encode p u lse  in  o rd e r  to  produce a  f l a g .  This was n e c e ssa ry  
in  o rd e r  to  p re v e n t f a l s e  s e t t i n g  o f f la g s  as fo llo w s . Even though 
th e  a n a lo g - to - d ig i ta l  c o n v e rte rs  and th e  com puter were busy an a ly z in g  
an e v en t, th e  f a s t  system  g e n e ra l ly  had re c o v e re d . In  th i s  ca se ,
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an  ev en t may have o ccu rred  which would n o t be an a ly zed  b u t may have 
p roduced , f o r  exam ple, a  ACD co in c id en ce . I f  th e  ev e n t c u r r e n t ly  
in  p ro cess  in  th e  a n a ly z e rs  was n o t a  ACD type  e v e n t, th e  f l a g  
w ould have been e r ro n e o u s ly  s e t .  I f ,  on th e  o th e r  hand, a  c o in c i ­
dence m ust be made betw een th e  ACD co in c id en ce  o u t-p u t  and th e  
Encode p u ls e ,  th e  f l a g  co u ld  o n ly  have been produced by th e  ev en t 
in  p ro c e s s .
6 . Beam Sweeper
S in ce  th e  s to p  p u lse  in  th e  t im e - to -p u ls e -h e ig h t  c o n v e r te r  u sed  in  
th e  experim en t was ta k e n  from  th e  r f  o f  th e  c y c lo tro n , th e  s to p  p u lse  
was n o rm ally  produced ev ery  kk n se c . I f  th e  seco n d ary  p a r t i c l e  to  be 
d e te c te d  was a  p ro to n  o f en erg y  le s s  th an  0 .6  MeV, th e  f l i g h t  tim e f o r  
th e  p a r t i c l e  betw een th e  t a r g e t  and th e  100 -n  d e te c to r  was g r e a te r  
th a n  kk n s e c . (A s im i la r  s ta te m e n t is  t r u e  f o r  o th e r  p a r t i c l e s  w ith  
h ig h e r  mass and h ig h e r  en e rg y , e .g .  a lphas w ith  en erg y  le s s  th a n
2 .k  MeV.) In  th o se  cases in  which th e  p a r t i c l e  f l i g h t  tim e was lo n g e r  
th a n  th e  r f  p e r io d , th e  r e l a t io n s h ip  betw een th e  s t a r t  p u lse  and th e  
s to p  p u lse  f o r  th e  t im e - to -p u ls e -h e ig h t  c o n v e r te r  was changed s in c e  
one com plete r f  ( s to p  p u ls e )  p e r io d  p assed  b e fo re  th e  p a r t i c l e  a r r iv e d .  
The e f f e c t  o f t h i s  was to  im p ro p erly  id e n t i f y  th e  p a r t i c l e  ty p e  in  th e  
TOF system  and produced an o v e rlap  in  th e  tim e s p e c t r a  a t  low e n e r g ie s . 
The "o v e rla p "  problem  was o f  course  most sev e re  f o r  l i g h t  ta r g e t s  from  
w hich many low energy  p ro to n s  and o th e r  p a r t i c l e s  were p roduced .
One method used  to  av o id  th i s  problem  is  to  make th e  tim e in t e r v a l  
betw een in c id e n t  p ro to n  b u r s ts  lo n g e r th an  th e  tim e o f  f l i g h t  o f th e  
s lo w e s t p a r t i c l e  of i n t e r e s t .  In  th is  experim ent th e  tim e in c re a se
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m ust be accom plished  w ith o u t a  change in  th e  fundam ental freq u en cy  o f 
th e  r f  sy stem .
The system  used  in  t h i s  experim ent was to  e lim in a te  a l t e r n a t e  
p ro to n  b u r s ts  by d e f le c t io n  o f  th e s e  on to  th e  eqjbrance c o ll im a to r  o f 
th e  beam a n a ly z in g  m agnet.36 The d e f le c to r  ( lo c a t io n  shown in  F ig .  l l )  
was a  p a i r  o f  p la te s  1 in .  h ig h  and 3 f t  long  on which an r f  v o lta g e  
was a p p lie d  w ith  a  freq u en cy  of o n e -fo u r th  th e  fundam ental r f  f req u en cy . 
The d e f le c to r  r f  was phased w ith  r e s p e c t  to  th e  c y c lo tro n  r f  such  t h a t  
a l t e r n a t e  beam b u rs ts  p assed  th ro u g h  th e  c o ll im a to r  on nodes o f  th e  
d e f le c to r  r f  s ig n a l .  This system  would d e f le c t  every  o th e r  beam b u r s t  
and th e r e fo r e  a llo w  o n e -h a lf  o f  th e  b u rs ts  to  pass th rough  th e  s l i t  
and in to  th e  s c a t t e r in g  chamber. The e f f e c t  o f "sw eeping" th e  
beam was to  in c re a s e  th e  tim e betw een beam b u rs ts  to  88 n se c , an 
a c c e p ta b le  tim e in te r v a l  f o r  th e  ex p erim en t. When th e  "sw eeper" was 
u sed  th e  system  used  to  g e n e ra te  th e  TAC s to p  p u lse  was changed to  
com pensate f o r  th e  8 8 -n sec  tim e in t e r v a l  betw een beam b u r s t s . This 
lo g ic  is  no t shown on F ig .  9*
D. E x p erim en ta l Setup
F ig u re  11 shows th e  beam o p tic s  system  f o r  th e  Oak Ridge Isochronous 
C y c lo tro n  p e r t in e n t  to  th e  ex p erim en t. The 60-MeV p ro to n s , which were 
e x t r a c te d  a t  a  freq u en cy  o f 2 2 .^ 5  me, t r a v e le d  from th e  c y c lo tro n  
th rough  sw itch in g  magnet No. 1 and in to  a  153-degree a n a ly z in g  magnet 
whose c o ll im a tin g  s l i t s  f ix e d  th e  beam r e s o lu t io n .  A f te r  p a ss in g
35The "Beam Sweeper" System was d esig n ed  by J .  M artin  and S.W. Mosko,
E le c tro n u c le a r  D iv is io n , Oak Ridge N a tio n a l L aborato ry .
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F ig . 11. C y c lo tro n  Beam O ptics System .
th rough  th e  an a ly z in g  magnet e x i t  s l i t ,  th e  beam p assed  th rough  a  fo c u s ­
ing  quadrupole th e n  was b en t 20  degrees in to  th e  s c a t t e r in g  chamber.
The s c a t te r in g  chamber w ith  th e  e n t i r e  d e te c to r  assem bly mounted 
is  shown in  F ig .  12. The vacuum chamber was U8  i n .  in  diam w ith  two 
rem o te ly  r o ta ta b le  d e te c to r  arms and a  r o ta ta b le  t a r g e t  h o ld e r  which 
h e ld  up to  f iv e  t a r g e t s . The beam e n te re d  th e  chamber th rough  a  
l u c i t e  beam p ip e  seen  in  th e  upper l e f t - h a n d  co rn e r  o f F ig .  12, p assed  
th rough  a 9 / l ^ - i n .  c o l l im a to r  and th ro u g h  an a n t i - s c a t t e r i n g  c o llim a ­
t o r  a t  th e  end o f th e  p ip e , h i t  th e  t a r g e t  lo c a te d  a t  th e  chamber 
c e n te r  and was stopped  in  th e  F araday  cup seen  in  th e  low er r ig h t-h a n d  
c o rn e r . Located a t  20 degrees to  th e  r i g h t  (as th e  beam t r a v e l s )  o f 
th e  Faraday  cup is  a range w heel w hich was used  to  m easure th e  beam 
energy , and 20 degrees to  th e  l e f t  o f th e  F araday  cup is  a  Nal m onito r 
co u n te r s h ie ld e d  in  le a d . S ince  a l l  slow  p re a m p lif ie r s  and f a s t  am­
p l i f i e r s  were lo c a te d  in s id e  th e  chamber, a l l  lead s  (~2 0 ) were ru n  
in  vacuum and were long  enough (~7 f t )  t o  move to  any a n g le . These 
e n te re d  n ear th e  to p  o f chamber above th e  m o n ito r co u n te r  th rough  
vacuum -tigh t BNC connectors f a s te n e d  in  l u c i t e  p l a t e s . The m eta l 
cab le s  e n te r in g  th e  chamber above th e  d e te c to r  system  were used  to  
su p p ly  and v en t l i q u id  n itro g e n  f o r  th e  germanium d e te c to r  and pump 
o u t th e  vacuum ja c k e t  around th e  l i q u id  n itro g e n  su p p ly .
F ig . 12. S c a t te r in g  Chamber.
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E . Beam M onito ring
1 . In c id e n t  C u rren t Measurement
A F arad ay  cup36 was used  d u rin g  th e  experim ent to  m on ito r th e  number 
o f  in c id e n t  p r o to n s . The charge c o l le c te d  in  th e  F araday  cup was 
m easured in  a  t r a n s i s t o r i z e d  c u r re n t  in te g r a to r  o f h ig h  s t a b i l i t y 37 
w hich was c a l ib r a te d  by use  o f  a  c u r re n t  th rough  a  10l o -Q r e s i s t o r  
known to  a  p r e c is io n  o f  0 .1 0 $ . The v o lta g e  ac ro ss  th e  r e s i s t o r  was 
m easured w ith  a  d i g i t a l  v o ltm e te r  to  0 .1 $  accu racy . The o u tp u t o f  th e  
in t e g r a to r  was coun ted  on a  s c a l a r ,  and a  count r a t e  m eter in  th e  
i n te g r a to r  gave av erage  beam c u r r e n t .  T ests  o f th e  in te g r a to r  c a l i ­
b r a t io n  were made d u rin g  â ru n  w ith  o th e r  p r e c is io n  c u r re n t  sou rces 
which had  been  c a l ib r a te d  a g a in s t  th e  s ta n d a rd  r e s i s t o r  d isc u sse d  above.
S in ce  th e  carbon beam s to p  in  th e  F araday  cup i s  h i t  by  th e  d i r e c t  
beam, c o n s id e ra b le  backgrounds o f  gamma ray s  and neu trons a re  p roduced .
To a t te n u a te  background n eu trons a s h ie ld  o f l i t h i a t e d  p a r a f f in  was 
p la c e d  around th e  F arad ay  cup to  m oderate th e  n e u tro n s . The d e te c ­
t o r  system  in s id e  th e  s c a t t e r in g  chamber was s h ie ld e d  from  background 
gamma ray s  by ^ in .  o f  le a d  p la c e d  on th e  o u ts id e  o f th e  chamber a t  
th e  l e v e l  o f  th e  d e te c to r s  and a  1 - i n . - t h i c k  le a d  c o l l a r  was p la c e d  
around th e  germanium d e te c to r .  F ig u re  11 shows th e  p a r a f f in  s h ie ld  
p a r t i a l l y  i n s t a l l e d  around th e  F arad ay  cup and th e  le a d  gamma ra y  
s h ie l d .
36The b a s ic  d e s ig n  o f th e  F araday  cup is  g iv en  in  th e  fo llo w in g  
re fe re n c e :  R. T. S an to ro  and R. W. P e e l le ,  “Measurement o f th e  In te n ­
s i t y  o f th e  P ro to n  Beam a t  th e  H arvard  U n iv e rs ity  S y n ch ro cy c lo tro n  f o r  
E n e rg y -S p e c tra l M easurements o f N uclear S econdaries 0RNL-3505, 1 9 ^ •
3 7 F . M. G lass e t  a l . ,  ”A New Approach to  D ire c t  C urren t I n te g r a t io n 11, 
IEEE T ra n sa c tio n s  on N u clear S c ie n c e , V o l. NS-14, #1 , Feb. 1967, p . 1^3•
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2 . Beam Energy M easurement
The energy  o f th e  in c id e n t  p ro to n  beam was o b ta in e d  from  a m easure­
ment o f th e  range  o f  th e  p ro to n s  s c a t te r e d  a t  20  degrees by  th e  ta rg e ts  
u sed . This measurem ent a f fo rd e d  an energy  c a l ib r a t io n  independent o f 
e s tim a te s  o b ta in e d  from  th e  m agnetic f i e l d  o f th e  beam an a ly z in g  
magnet in  th e  c y c lo tro n  system .
The range m easurem ent was made u s in g  a  "Range-Wheel"38 which con­
ta in s  up to  30  aluminum f o i l s  o f  known th ic k n e s s ,  t h a t  can be rem ote ly  
r o ta te d  in to  th e  beam in  v a r io u s  co m b in a tio n s . The p ro to n s  were 
d e te c te d  in  two s i l i c o n  s u r fa c e  b a r r i e r  d e te c to r s ,  a  500 -|x d e te c to r  
p la ce d  in  f r o n t  o f  th e  ab so rb e r  and a  3 0 0 -(j. d e te c to r  p la c e d  a f t e r  the  
a b so rb e r . The number o f  counts from  a co in c id en ce  betw een th e  two 
d e te c to rs  was p lo t t e d  as a  fu n c tio n  of ab so rb e r th ic k n e s s .  The th ic k ­
ness co rresp o n d in g  to  h a l f  h e ig h t  on th e  count a x is  was co n v erted  to  
in c id e n t  beam energy  th ro u g h  use  o f ran g e -en e rg y  t a b l e s . The accuracy  
o f th e  energy  measvirement i s  «— ± 0 .1  MeV.
The Range-Wheel was lo c a te d  a t  a  s c a t te r in g  an g le  o f 20 degrees and, 
s in c e  i t  d id  n o t i n t e r f e r e  w ith  u se  o f th e  e x p e rim en ta l d e te c to r  system , 
i t  was used  as an energy  m on ito r a t  any tim e d u rin g  a ru n .
3• M onitor C ounter
The beam was m on ito red  by a  c o u n te r , s e p a ra te  from  th o se  used in  
th e  experim en t, p la c e d  a t  a  f ix e d  ang le  o f 20  degrees (o p p o s ite  s id e  
o f th e  beam l in e  from  th e  range-w heel) o u ts id e  th e  chamber. This 
d e te c to r  c o n s is te d  o f a  N al c r y s t a l  which was c y l in d r ic a l  and ta p e re d
3 8R. T. S an to ro , F . E . B e rtra n d , e t  a l . ,  “Beam Energy Measurements 
a t  th e  Oak Ridge Isochronous C y clo tro n **, ORNL-TM-I3 8 2 , ±966.
from  5 /8  i n .  diam a t  th e  f r o n t  to  3/ ^  i n .  diam a t  th e  back and was 
3 A  i n .  h ig h . The c r y s t a l  was mounted on an RCA Type 776k pho to tube 
and th e  e n t i r e  assem bly was s h ie ld e d  in  le a d .  An in t e g r a l  p u lse  
h e ig h t  d is c r im in a to r  was used  on th e  s ig n a ls  from  th e  p h o to tu b e , so  
t h a t  o n ly  th e  p ro tons e l a s t i c a l l y  s c a t te r e d  from  th e  t a r g e t  were 
coun ted . A s t a b i l i z e r  was used  in  th e  i n t e g r a l  d is c r im in a to r  to  
in su re  t h a t  th e  th re s h o ld  was always s e t  j u s t  below th e  e l a s t i c  peak 
and d id  n o t d r i f t  due to  pho to tube g a in  ch an g es .
C o llim a to r System
The system  used  to  d e fin e  th e  in c id e n t  beam s iz e  c o n s is te d  o f  th re e  
c o ll im a to rs  which were designed  so  t h a t  th e  beam c u r re n t  l o s t  on each 
c o ll im a to r  could  be m on ito red . The c o ll im a to rs  a re  d isc u sse d  below .
a .  C o llim a to r  No. 1 was lo c a te d , as i s  shown in  P ig .  11, betw een 
th e  Focusing  Quadrupole and Beam S w itch ing  Magnet No. 2 , ~  17 
f t  from  th e  t a r g e t .  The c o ll im a to r  was made of I - i n . - t h i c k  
carbon w ith  a  1§  in .  diam h o le  in  th e  c e n te r  and was con­
s t r u c te d  in  fo u r  s e p a ra te  q u ad ran ts  which were in s u la te d  from 
each o th e r  so  t h a t  th e  c u r re n t  in  e ach  s e c t io n  co u ld  be moni­
to r e d .  The amount o f beam l o s t  on th i s  c o ll im a to r  v a r ie d  from 
0  to  20$ .
b . C o llim a to r No. 2 was lo c a te d  30 i n .  from  th e  t a r g e t  on th e  beam
l i n e ,  and was made of i - - in .  carbon  w ith  a  9 / 16 - i n .  h o le  in  th e
c e n te r .  I n  an experim ent th e  beam was fo cu sed  so  t h a t  le s s  
th a n  1$ o f th e  beam c u r re n t was l o s t  on t h i s  c o l l im a to r .
c . The t h i r d  c o llim a to r  in  th e  sy stem , v i s ib l e  in  F ig .  12, was an
a n t i - s c a t t e r i n g  b a f f l e .  The pu rpose  was to  p rev en t th e
d e te c to r  system  from d e te c t in g  any p a r t i c le s  d i r e c t l y  from  th e  
edges o f  C o llim a to r Wo. 2 . The c o ll im a to r  system  was designed  
to  p e rm it d a ta  to  be ta k en  a t  ang les as sm a ll as 7  d e g re e s .
A lthough th e  beam was fo cu sed  in  a J - in -d ia m  s p o t ,  i t  was p o s s ib le  
w ith  th e  c o ll im a to r  system  d e sc rib e d  above f o r  u n s c a t te re d  p ro to n s  to  be 
found as f a r  as \  i n .  from th e  beam c e n te r  l i n e .  In  o rd e r  to  av o id  th e  
s c a t te r in g  o f th e s e  p ro to n s  from  any n o n - ta rg e t  m a te r ia l ,  th e  t a r g e ts  
were c o n s tru c te d  wide enough to  a llo w  th e  norm al to  th e  t a r g e t  to  be 
r o ta te d  as f a r  as 55 degrees w ith  r e s p e c t  td  th e  in c id e n t  beam.
F . Run Setup
The p rocedure  n e c e s sa ry  t o  s e t  up f o r  d a ta  ta k in g  i s  l i s t e d  below . 
The o rd e r  l i s t e d  is  n o t n e c e s s a r i ly  th e  o rd e r in  which th e  v a rio u s  
o p e ra tio n s  must be perform ed.
a .  The beam was o b ta in ed  in  th e  s c a t te r in g  chamber and fo cu sed  
to  a  in .-d ia m  s p o t a t  th e  c e n te r  o f  th e  chamber.
b . The energy  o f  th e  p ro to n  beam was m easured.
c.' The B and C d e te c to rs  were c a l ib r a te d  u s in g  a  so u rces  which 
were perm anen tly  p la ce d  in  back o f th e  100 -|a d e te c to r  and in  
f r o n t  and back o f th e  500-|i d e te c to r .  The two so u rces  used 
were 241 Am and 234U. -  The germanium d e te c to r  was c a l ib r a te d  
u s in g  th e  e l a s t i c a l l y  s c a t te r e d  p ro to n s  from th e  t a r g e t .
A ll  th re e  d e te c to rs  were c a l ib r a te d  f o r  0 .050  M eV/channel.
d . The b ia se s  on th e  f a s t  d isc r im in a to rs  were s e t  as d e sc rib e d
below. In  th e  case  o f th e  B d e te c to r  th e  s m a l le s t  energy  lo s s
which m ust be d e te c te d  in  th e  f a s t  system  in  o rd e r  t h a t  th e
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lo g ic  system  o p e ra te  p ro p e r ly  was from  a  10-MeV p ro to n , which 
j u s t  s to p s  in  th e  500-p, d e te c to r .  The peak from p-p  s c a t t e r ­
ing  a t  65  d eg ree s , frcm  a CH t a r g e t  f a l l s  a t  ~ 1 2  MeV fo r  
60-MeV in c id e n t  p ro to n s . The b ia s  in  th e  B f a s t  d is c r im in a to r  
was s e t  above n o ise  b u t  such  t h a t  no counts were l o s t  in  t h i s  
p eak , i . e . ,  th e  d e te c to r  f i r e d  on ev ery  12-MeV p ro to n . In  
th e  case  o f th e  5 00 -(i d e te c to r  th e  s m a l le s t  p u lse  which must 
be d e te c te d  in  th e  f a s t  system  was produced by th e  p ro tons 
e l a s t i c a l l y  s c a t te r e d  a t  a  sm a ll a n g le  ( i . e . ,  th e  h ig h e s t  
energy  e v e n ts ) .  The b ia s  on th e  C d is c r im in a to r  was th e r e ­
f o re  s e t  so t h a t  no counts were l o s t  from  th e  e l a s t i c  peak .
This b ia s  s e t t i n g  was de term ined  from  a  curve o f counts in  
th e  e l a s t i c  peak  v e rsu s  d is c r im in a to r  s e t t i n g  w hich shou ld  
e x h ib i t  a  re g io n  o f  b ia s  in  which th e  number o f counts in  th e  
peak  was c o n s ta n t.  The b ia s  was chosen above n o ise  and in  
th e  " f l a t *1 re g io n  o f  th e  cu rv e . The b ia s  on th e  D f a s t  
d is c r im in a to r  was s e t  as low as p o s s ib le  w ith o u t f i r i n g  on 
n o ise  from  th e  f a s t  a m p lif ie r  o r  d o u b le - f i r in g  which causes 
m a lfu n c tio n  o f  th e  p i le -u p  system ,
e .  S in ce  th e  u s a b le  en tra n c e  window on th e  germanium was on ly  
~  5mm w ide, some d i f f i c u l t y  was en co u n te red  in  o b ta in in g  
c o r r e c t  a lignm en t betw een th e  c o l l im a to r  and th e  germanium 
d e te c to r .  Im proper a lignm en t r e s u l t e d  in  la rg e  low energy  
t a i l s  on th e  peaks caused  by an e x c ess iv e  amount o f s c a t te r in g  
o u t o f  th e  germanium. The c o r r e c t  a lig n m en t was o b ta in ed  by 
movement o f th e  c o ll im a to r  u n t i l  a  good peak shape was o b ta in e d .
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f . I t  was n e c e ssa ry  to  check th e  o p e ra tio n  o f th e  s o f t  c o l l i ­
m ato r. S ince  m ost o f  th e  ev en ts  which h i t  th e  s o f t  c o ll im a to r
pass th rough  i t ,  a  check cou ld  be made to  de term ine  w hether
th e  c o ll im a to r  produced a  p u lse  f o r  ev e ry  e v e n t h i t t i n g  i t .
The same method was u sed  t o  in su re  t h a t  th e  b ia s  on th e  c o l l i ­
m ator d is c r im in a to r  was s e t  below th e  minimum p u lse  h e ig h t
produced by an  e v en t w hich p e n e tra te d  th e  c o l l im a to r .
The s m a l le s t  en erg y  lo s s  in  th e  c o ll im a to r  was ~  1 .5  MeV, l o s t
by 60-MeV p ro to n s .  Through th e  use  o f a  CH t a r g e t  i t  was
p o s s ib le  t o  se e  a  peak i n  th e  spectrum , ~ 1 .5  MeV below 
th e  e l a s t i c  peak  w hich was w e ll- s e p a ra te d  from  th e  ^.ij-MeV 
i n e l a s t i c  l e v e l .  The b ia s  on th e  A d e te c to r  was low ered 
a n d /o r  th e  v o lta g e  on th e  p h o to tu b e  was r a i s e d  u n t i l  no 
energy  lo ss  peak was s e e n .
G. D ata A c q u is itio n
A "run" f o r  th e  experim en t is  ta k e n  to  mean d a ta  o b ta in e d  f o r  a 
g iv en  t a r g e t  a t  one a n g le . The p ro ced u re  f o r  each ru n  is  l i s t e d  below.
a .  T a rg e t to  be u sed  was p la c e d  in  beam.
b . D e tec to r  an g le  was s e t  rem o te ly  to  an g le  to  be s tu d ie d .
c .  T a rg e t ang le  was s e t  so  t h a t  th e  t a r g e t  norm al was p e rp en d icu ­
l a r  to  th e  d e te c to r  system  ( i . e . ,  d e te c to r  an g le  = t a r g e t  
a n g le )  up to  55 deg rees f o r  th e  t a r g e t  a n g le . For d e te c to r  
ang les  g r e a te r  th a n  55 degrees th e  t a r g e t  an g le  rem ained f ix e d  
a t  55 d e g re e s . (The t a r g e t  ang les  u sed  f o r  b ack -an g le  d a ta  
were th e  supplem ent o f  th o se  used  a t  fo rw ard  a n g le s .)
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f . When d a ta  was be ing  tak en :
f - 1 .  S c a le rs  were checked fo r  in d ic a t io n  o f lo g ic  system  m al­
fu n c t io n .
f - 2 .  The d is p la y  op tions on th e  com puter w ere checked. These 
o p tio n s  were: a map o f B  + C +  D v s B  + C o r B  + C v s B
o r TOF vs B in  which each d a ta  p o in t  was " f l ic k e re d "  
(m om entarily  in te n s i f i e d )  as th e  com puter re c e iv e d  i t .
A tim e exposure photograph must be ta k e n  to  determ ine 
th e  q u a l i ty  o f the  d a ta  b e in g  d is p la y e d . I t  was a ls o  
p o s s ib le  to  d is p la y  a  spectrum  o f  B + C + D o r B + C, 
b o th  o f  which were s to re d  in  th e  com puter.
g . A f te r  th e  ru n  was over some m agnetic tap es  c o n ta in in g  th e  d a ta  
and th e  a n a ly s is  program were tak en  to  th e  OKNL IBM 3^0/75 
com puter f o r  immediate a n a ly s is .  The r e s u l t s  o f th e  a n a ly s is  
were u sed  t o  determ ine th e  ang les to  be s tu d ie d  in  th e  rem ain­
ing  runs as w e ll  as to  in d ic a te  any m a lfu n c tio n  o f th e  d e te c to r  
o r e le c t r o n ic  sy s tem s .
h . A f te r  a l l  runs were taken  du rin g  a  3 - o r 4 -day  experim en t, th e  
resp o n se  o f th e  d e te c to r  system  was o b ta in e d  b y  p la c in g  th e  
d e te c to r  in  th e  d i r e c t  beam. The c y c lo tro n  was a d ju s te d  so 
th a t  th e  beam in te n s i ty  was o n ly  100 to  200  p ro to n s  /se c o n d .
A g o ld  f o i l  ~  0 .0 0 2 -in . - t h i c k  was in s e r te d  in  th e  beam 
to  in su re  t h a t  th e  beam was sp read  over th e  e n t i r e  germanium 
d e te c to r .  In  t h i s  manner th e  resp o n se  o f th e  d e te c to r  system  
to  p ro to n s  o f  a s in g le  energy (w ith in  th e  beam r e s o lu t io n )  was 
m easured. The in fo rm atio n  from th i s  measurem ent determ ined
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th e  amount o f r e a c t io n  and c o ll im a to r  t a i l  caused by  th e  t o t a l  
a b s o rp tio n  d e te c to r  and showed up any o th e r  c o n tr ib u t io n  to  
th e  s c a t t e r e d  d a ta  which may have been  produced by th e  d e te c to r  
system  and n o t by th e  ta r g e t s  under s tu d y .
CHAPTER I I I  
DATA ANALYSIS
A. Form o f D ata
Each s c a t t e r in g  e v e n t which produced an a c c e p ta b le  A le r t  as 
d e sc rib e d  in  C hap ter I I ,  S e c tio n  C 3 , was c h a ra c te r iz e d  by fo u r  p u lse  
h e ig h ts  which have been term ed B, C, D, and T (tim e o f f l i g h t ) .  The 
co n ten ts  o f th e  fo u r  a n a ly z e rs  were re a d  in to  th e  com puter a f t e r  each 
even t and each p u ls e  h e ig h t  was t r a n s m it te d  as one com puter word which 
in  th e  case  o f  th e  PDP-8 was 12 b i t s  lo n g . The fo u r  words a ls o  con­
ta in e d  th e  f l a g  in fo rm a tio n  re c e iv e d  from th e  f a s t  lo g ic  system .
F ig u re  13 shows a  d iagram  o f th e  lo c a t io n  o f th e  k6 d a ta  and f l a g  b i t s  
in  th e  v a rio u s  w ords.
The co n ten ts  o f  th e  fo u r  words were s to r e d  in  a  512-word d a ta  
b u f fe r  in  th e  com puter memory and when th e  b u f f e r  was f u l l  d a ta  was 
t r a n s f e r r e d  to  a  second  512-word b u f f e r ,  th e n  w r i t t e n  on IBM com patible 
m agnetic ta p e . S e v e n -tra c k  ta p e  was used  which im p lied  th e  need to  
s p l i t  each 1 2 -b it  word in to  two h a lv es  so t h a t  each word was w r i t te n  
on th e  ta p e  as s i x  b i t s  w ith  a p a r i ty  b i t ,  fo llo w ed  by th e  o th e r  s ix  
b i t s  and a  p a r i t y  b i t .  In  t h i s  manner each tim e th e  d a ta  b u f fe r  in  
th e  PDP-8 was w r i t t e n  on ta p e , a re c o rd  o f 128 even ts  was produced.
An a n a ly s is 39 program  on th e  IBM 3 6 0 /7 5  re a d  th e  d a ta  ta p e s  and analyzed  
each ev en t s e p a r a te ly .
B. D ete rm in a tio n  o f P a r t i c l e  Type
In  o rd e r  to  p ro p e r ly  f i x  th e  ty p e  and energy  o f th e  p a r t i c l e s ,  the  
a n a ly s is  program  examined th e  f la g s  f o r  each ev en t and s t r ip p e d  th e  
p u lse  h e ig h ts  from  th e  PDP-8 w ords. I t  was n e c e ssa ry  to  examine
39The a n a ly s is  program  was w r i t t e n  i n i t i a l l y  by P . A eberso ld  and 
re v is e d  by D. P u tz u lu .
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ORNL—DWG 6 0 - 3 2 2
WORD 0  T IM E  O F  FL IG H T 0  V F6 F4 F 3 04 D2 0 3 0 4 0 5 D6 07 08 (B IN )
WORD 4 B DETECTOR OV F2 F 5 04 02 D3 D 4 05 06 D7 OB 0 9 (B IN )
WORD 2  C DETECTOR OV F4 04 02 D3 D 4 0 5 0 6 D7 08 0 9 DA (B IN )
WORD 3  0  DETECTOR OV 04 02 D3 0 4 05 0 6 0 7 0 8 09 DA DB (B IN )
F1 =  A B C CO INCIDENCE FLAG
F2 =  A C D CO INCIDENCE FLAG
F3 =  FLAG FOR INCO M PLETE BUFFER OUTPUT
F4 =  P IL E -U P  FLAG
F 6 =  PU LSER FLAG
0 V =  OVERFLOW
D N =  DATA BIT N
F ig . 13. L o cation  o f D ata and F lag  B its  in  PDP-8  Words.
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th e  f l a g  c o n d itio n s  f o r  each  ev en t in  o rd e r  to  determ ine th e  n a tu re  
o f t h a t  e v e n t. Two 1 2 - b it  PDP-8  words were combined to  form one 3 2 - b i t  
word, w ith  two ’’padded" zeros p la c e d  on th e  b eg in n in g  o f each b y te  
(6  b i t s ) .  F lag s  were checked by m asking o f f  th e  s e le c te d  b i t  and 
s to r in g  th e  v a lu e  (z e ro  o r one) in  an  a r r a y .  A f te r  a l l  f la g s  had been 
s t r ip p e d  from  th e  d a ta  w ords, o n ly  th e  p u ls e  h e ig h ts  rem ained and th e se  
w ere k e p t in  th e  program  as fo u r  v a r ia b le s  IB , IC, ID, and IS .
I f  th e  p u ls e r  f l a g  had been s e t  in d ic a t in g  th e  "even t" was a r t i f i ­
c i a l l y  c r e a te d ,  th e  p u lse  h e ig h ts  IB , IC , and ID were s to r e d  in  an 
a r r a y  w hich id e n t i f i e d  p u ls e r  and b a s e l in e  s p e c t r a  f o r  each d e te c to r .
No f u r th e r  a n a ly s is  was perform ed on t h i s  e v e n t.
I f  a  p i le - u p  f l a g  o r any overflow  f l a g  was p re s e n t ,  th e  ev en t was 
n o t a n a ly z e d . However, i t  was n e c e ssa ry  to  count th e  number of events 
n o t an a ly zed , in  o rd e r  to  c o r r e c t  f o r  dead tim e as d isc u sse d  l a t e r .
1 . AB X E I d e n t i f i c a t i o n
The f la g s  w hich in d ic a te d  co in c id en ce  c o n d itio n s  fo r  an even t were 
c r u c i a l  to  th e  a n a ly s is  s in c e  th e y  de term ined  th e  system  b^ which id en ­
t i f i c a t i o n  o f p a r t i c l e  ty p e  was to  be perfo rm ed .
The lo g ic  o f th e s e  f la g s  is  summarized in  Table I .  I t  shou ld  be
n o ted  t h a t ,  from  each o f th e  p u lse  h e ig h ts  IB, IC, and ID, th e  channel
in  w hich zero  p u ls e  h e ig h t was s to r e d  in  th e  r e s p e c t iv e  an a ly zers  has 
been s u b tr a c te d .
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TABLE I
C oincidence F la g  Logic as A pp lied  t o  Choice o f 
P a r t i c l e  Type I d e n t i f i c a t i o n
F lag  1 
S ta tu s
F lag  2 
S ta tu s
Type of 
I d e n t i f i c a t i o n AE E
Yes Yes AE X E IB+IC IB+IC+ID
No Yes AE X E IB+IC IB+IC+ID
Yes No AE X E IB IB+IC
No No TOP — IB
The d a ta ,  which a t  t h i s  p o in t  were an  energy  lo ss  and a t o t a l  en erg y , 
w ere s to r e d  in  an a r ra y  a t  reduced  p r e c is io n  f o r  o u tp u t o f  th e  form 
shown e a r l i e r  in  F ig . 5*
The type  of p a r t i c l e  in v o lv ed  in  th e  ev en t was deduced by f i t t i n g  
th e  energy  lo ss  and t o t a l  energy  f o r  each ev e n t betw een p re d ic te d  energy  
lo s s  versu s  t o t a l  energy  d i s t r ib u t io n s  which would a r i s e  from  p ro to n s , 
d e u te ro n s , t r i t o n s ,  h e liu m -3 ’s and a lp h as  e n te r in g  th e  c o u n te r  te le s c o p e . 
The p a r t i c l e  type was now d eno ted  by a  number from  1 to  5 co rrespond ing  
to  p ro to n , d eu te ro n , t r i t o n ,  helium -3  o r  a lp h a  and th e  ev en t was s to r e d  
a t  f u l l  energy  p re c is io n  (0 .05M eV /ch ) in  an a r r a y  which co n ta in ed  th e  
number o f p a r t i c le s  o f ty p e  N w hich had th e  same AE and E v a lu e s . I f  
i t  happened t h a t  th e  p a r t i c l e  co u ld  n o t be id e n t i f i e d  w ith in  any o f  th e  
d i s t r i b u t io n s ,  th e  ev en t was s to r e d  in  a  s e p a ra te  a r r a y  f o r  l a t e r  in ­
s p e c t io n .
I t  was p o in te d  ou t in  C hapter I I ,  S e c tio n  B 2, t h a t  th e  t h e o r e t i c a l  
p u ls  e -h e ig h t  d is t r ib u t io n s  f o r  th e  v a rio u s  types and energy  o f  r e a c t io n  
p a r t i c l e s  were o b ta in e d  from  a  c a lc u la t io n  b ased  on th e  Landau
d i s t r i b u t i o n  o f energy  lo s s .  From th e s e  d i s t r ib u t io n s  a  maximum and 
minimum p u ls e  h e ig h t f o r  a  p a r t i c u la r  en erg y  and p a r t i c l e  ty p e  were 
o b ta in e d . The assum ption here  i s  t h a t  a l l  p a r t i c l e s  o f  th e  same ty p e  
w ith  th e  same in c id e n t  energy w i l l  lo s e  an amount o f  energy  in  th e  AE 
d e te c to r  betw een th e  maximum and minimum o f th e  Landau d i s t r i b u t i o n .
The use  o f d is t r ib u t io n s  based  on Landau c a lc u la t io n s  to  id e n t i f y  
p a r t i c l e  ty p es  proved s u c c e s s fu l  f o r  th e  in te rm e d ia te  and h igh  energy  
even ts  and le s s  th a n  s a t i s f a c to r y  f o r  low er en erg y  e v e n ts .
I n h e re n t in  th e  use o f  such a  method f o r  a  p r i o r i  p r e d ic t io n  o f 
energy  lo s s  d i s t r ib u t io n s  is  th e  a c c u ra te  knowledge o f th e  th ic k n e ss  
o f  m a te r ia l  t r a v e r s e d .  A sm all e r r o r  in  th ic k n e s s  w i l l  make a  sm a ll 
e r r o r  in  th e  energy  lo ss  f o r  e n e rg e t ic  p a r t i c l e s ,  b u t when th e  energy  
lo ss  is  an  a p p re c ia b le  f r a c t io n  o f th e  in c id e n t  energ y , f o r  in s ta n c e  
in  th e  ca se  o f low energy  a lp h a s , a s m a ll  e r r o r  in  th e  th ic k n e ss  o f 
m a te r ia l  g r e a t ly  a f f e c ts  th e  p r e d ic te d  d i s t r i b u t i o n .
In  t h i s  experim ent, in  which th e  m a te r ia l  t r a v e rs e d  was a d e te c to r  
whose c h a r a c te r i s t i c s  made th ick n ess  measurem ent by m echanical means 
d i f f i c u l t  o r  im p o ss ib le , th e  knowledge o f th e  th ic k n e ss  was n o t 
s u f f i c i e n t l y  a c c u ra te  to  g ive  a  p ro p er p r e d ic t io n  o f th e  low energy  
d i s t r i b u t i o n .
To circum ven t t h i s  problem th e  d i s t r i b u t i o n  f o r  th e  low energy  d a ta  
was tak e n  d i r e c t l y  from  th e  raw d a ta  maps, as seen  in  F ig s .  5 (a )  and 
5 (b ) . T h is method has proven q u ite  s a t i s f a c t o r y  s in c e  th e  s e p a ra t io n  
betw een p a r t i c l e s  was com plete. A s e t  o f  l i n e s ,  once drawn from  d a ta  
tak en  w ith  one s e t  o f  AE d e te c to r s ,  d id  n o t have to  be redraw n u n t i l  a 
d i f f e r e n t  s e t  ( d i f f e r e n t  th ic k n e s s )  o f  d e te c to r s  was u sed .
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2 . T im e -o f-F lig h t I d e n t i f i c a t i o n
In  th e  case t h a t  an e v e n t d id  n o t p e n e tr a te  th e  f i r s t  AE d e te c to r ,  
i d e n t i f i c a t i o n  o f p a r t i c l e  ty p e  was made by a  knowledge o f th e  p a r t i c l e 's  
en erg y  and tim e o f f l i g h t  t o  th e  IOO-jj. d e te c to r .  As is  shown in  T able  I ,  
th e  e x is te n c e  of su ch  an ev e n t was " s ig n a le d "  by th e  p resen ce  o f n e i th e r  
c o in c id en ce  f la g  accompanying a v a l id  d a ta  ev en t.
The a n a ly s is  o f  th e  t im e - o f - f l i g h t  d a ta  was perform ed on th e  PDP-8 . 
An IBM 360/75 program  c a lc u la te d  th e  mass ( in  AMU) o f th e  p a r t i c l e  f o r  
each  e v e n t which re q u ire d  t im e - o f - f l i g h t  analys i s . The even t was th en  
s to r e d  in  an a r r a y  as a  f u n c t io n  o f  p a r t i c l e  mass and energy  and th e  
a r r a y  was w r i t t e n  on m agnetic ta p e  when a l l  th e  even ts had been s o r te d .  
The PDP-8  program  re a d  th e  a r r a y  from  th e  m agnetic ta p e  and d isp la y e d  
th e  mass v e rsu s  energy  spectrum , su ch  as th e  one seen  in  F ig .  6 , on th e  
o s c i l lo s c o p e .  An energy  spectrum  f o r  each mass d i s t r i b u t io n  was ob­
ta in e d  by draw ing, w ith  a  l i g h t  pen , d is c r im in a tio n  l in e s  around each  
d i s t r i b u t i o n .  The program th e n  summed th e  counts between each s e t  o f  
d is c r im in a t io n  l in e s  and p r in te d  ou t s p e c t r a  o f counts versus energy  
f o r  each d i s t r i b u t i o n .
C. C o rre c tio n s  to  S p e c tra
C o rre c tio n s  have been made to  a l l  th e  d a ta  f o r  energy  lo ss  in  dead 
la y e rs  in  th e  d e te c to r  system  and lo s s  o f p a r t i c l e  energy  by n u c le a r  
r e a c t io n s  in  th e  germanium d e te c to r .  O ther c o r re c t io n s ,  a ls o  d e sc r ib e d  
below , have been made to  some o f  th e  d a ta .
1 . Dead Layer C o rre c tio n
As d isc u sse d  p re v io u s ly  th e  dead la y e r  in  th e  d e te c to r  system  was 
c o n s id e re d  to  be any n o n d e tec to r m a te r ia l  in  th e  p a th  o f  th e  r e a c t io n
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p a r t i c l e s  as th e y  p e n e tr a te d  th e  co u n te r te le s c o p e .  The amount o f dead 
la y e r  in  th e  p a th  o f th e  d e te c te d  p a r t i c le s  in  t h i s  experim ent was 
~  3.6 mg/cm3 o f Ni and was lo c a te d  betw een th e  second  AE c o u n te r  (c) 
and th e  t o t a l  a b s o rp tio n  c o u n te r  (D ). This lo c a t io n  im p lies  t h a t  on ly
th o se  p a r t i c l e s  p e n e t r a t in g  C ( i . e . ,  F lag  2 e v e n ts )  had to  be c o r re c te d  
f o r  dead la y e r  l o s s e s .
The c o r re c t io n  was made to  th e  energy  spectrum  o f each p a r t i c l e  by 
adding an amount o f en erg y  lo s s ,  based  on th e  energy  o f th e  ev en t a f t e r  
i t  p e n e tr a te d  b o th  AE d e te c to r s  (as de term ined  from  th e  raw AE X E d a ta ) ,  
to  each en erg y  ch an n e l. I t  was assumed in  th e  c o r re c t io n  th a t  th e  
p a r t i c l e  t r a v e r s in g  th e  dead la y e r  always l o s t  a  m ean-energy lo s s  as 
p r e d ic te d  by R ange-energy  ta b le s  o f P e e l le 40 and th e  m ean-energy lo sse s  
f o r  each p a r t i c l e  f o r  a  few e n e rg ie s  were re a d  in to  th e  program . Dead 
la y e r  c o r re c t io n s  f o r  e n e rg ie s  betw een th o se  re a d  in  were o b ta in e d  by 
in te r p o la t io n .
2 . R eac tio n  T a i l  C o rre c tio n
N uclear r e a c t io n s  w ith in  th e  germanium t o t a l  a b s o rp tio n  d e te c to r  
r e s u l te d  in  an energy  lo s s  from  an e v e n t, which produced a " t a i l 11 on 
each peak . The e f f e c t  o f  t h i s  t a i l  was to  reduce th e  number o f  counts 
in  th e  peaks and to  d i s t r i b u t e  th o se  counts in  th e  channels below th e  
p e a k s .
S ince th e  r e a c t io n  t a i l  a s s o c ia te d  w ith  a  g iv en  peak , as observed  
in  a  AE X E map as in  F ig  5(t>)j vas d i s t r i b u t e d  a lo n g  a  c o n s ta n t AE 
v a lu e  over a l l  en e rg ie s  below th e  peak, i t  was p o s s ib le  f o r  th e  t a i l
4 0 R. W. P e e l le ,  "R apid Com putation o f S p e c if ic  Energy Losses f o r  
E n e rg e tic  Charged P a r t i c l e s " ,  0RNL-TM-977^ 19^5•
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from , f o r  exam ple, a  peak in  th e  d eu te ro n  spectrum  to  c ro ss  th e  d i s t r i ­
b u tio n  o f  p ro to n s . This e f f e c t  is  shown s c h e m a tic a l ly  in  F ig .  l 4 .  A 
d eu te ro n  peak  is  shown a t  a  t o t a l  energy  Ed , and th e  t a i l  from th e  peak 
ex tends below  th e  peak w ith  a  c o n s ta n t AE v a lu e . This t a i l  c ro s s e s ,  and 
th e re fo re  adds counts to ,  th e  reg io n s  shown c ro s s -h a tc h e d  in  th e  p ro to n  
d i s t r i b u t i o n  as w e ll  as p a r t  o f th e  d eu te ro n  sp ec tru m . S ince th e  id en ­
t i f i c a t i o n  o f  p a r t i c l e  type  is  perform ed d i r e c t l y  from  th e  energy  lo s s  - 
t o t a l  en e rg y  d a ta ,  th e  counts added to  th e  p ro to n s  by  th e  d eu te ro n  t a i l  
w i l l  be in c o r r e c t ly  id e n t i f i e d  as p ro to n s  from  th e  t a r g e t .
To c o r r e c t  f o r  th e  e f f e c ts  o f  th e  r e a c t io n  t a i l ,  i t  was n e c e ssa ry  
to :  l )  add counts to  each energy channel to  com pensate f o r  counts l o s t
th ro u g h  r e a c t io n s ,  2 ) s u b tr a c t  counts from  th e  r e g io n  below th e  peak  in  
each  p a r t i c l e  d i s t r i b u t io n  a f fe c te d .
Measurements were made of th e  amount o f  t a i l  p roduced  by v a rio u s  
energy  p a r t i c l e s  w ith  th e  d e te c to r  system  in  th e  d i r e c t  beam as d e sc rib e d  
in  C hap ter I I ,  S e c tio n  B 4 . The r e s u l t s  o f  th e s e  measurements a re  shown 
in  T ab le  I I  in  th e  column la b e le d  ''M easured"..
TABLE I I
Peak to  T o ta l R a tio  f o r  Germanium
P a r t i c l e
Energy
(MeV)
$ T a i l  $  T a i l
M easured C a lc u la te d  ( l /E s )
P ro to n 60 ~ 6 . 0 6 .0
P ro to n 38.6 2.25 2.48









CHANNEL A F  up
F0 F u p
TO TAL EN ERGY (M e V )
F ig . 14. Schem atic R e p re se n ta tio n  o f R eac tio n  T a il  C o rre c tio n .
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The fo llo w in g  assum ptions ab o u t th e  amount o f  r e a c t io n  t a i l  were 
made, based  on th e  measurements in  T able IX and on d a ta  r e p o r te d  on
a .  The r e a c t io n  t a i l  was caused  o n ly  by  th e  t o t a l  a b so rp tio n  
d e te c to r .
b . The ( r e a c t io n  t a i l  a r e a / t o t a l  a re a )  f o r  60-MeV p ro to n s , 
d e u te ro n s , and t r i t o n s  i s  6$ .
c . The p ercen tag e  t a i l  f a l l s  o f f  as l /E 2 ^
d. No t a i l  was produced by he lium -3  and a lp h a  p a r t i c l e s .
e .  The t a i l  was ev en ly  d i s t r i b u t e d  over a l l  en e rg ie s  below 
th e  peak.
To perform  th e  c o r re c t io n  th e  a n a ly s is  program  f i r s t  sea rc h e d  fo r  
th e  h ig h e s t  t o t a l  energy channel in  w hich counts were found in  th e  
t r i t o n  d i s t r ib u t io n .  This ch an n el is  shown in  P ig .  1^ as Eu p . There 
were s e v e ra l  AE channels which com prised th e  energy  lo ss  d i s t r i b u t io n  
o f th e  t r i t o n s  w ith  energy  Eup, th e  h ig h e s t  la b e le d  AEup and th e  lo w est 
AElo and th e  r e a c t io n  t a i l  was assumed to  be form ed from th e  counts in  
each (AE, Eup) " b in " . The program  began w ith  en erg y  lo s s  ch an n el AEup
to  c o r re c t  f o r  counts s c a t te r e d  o u t.  The program  n ex t sea rch ed  along 
th e  co n s ta n t energy lo ss  v a lu e  AEup to  lo c a te  th e  in te r s e c t io n s  o f t h i s  
energy  lo s s  channel w ith  th e  t r i t o n ,  d e u te ro n , and p ro to n  d i s t r i b u t i o n s .  
The reg io n s  between th e se  in te r s e c t io n s  a re  shown shaded in  F ig . 1^, 
and i t  was from  th e se  reg io n s  t h a t  counts were s u b tr a c te d .  The number
and m u lt ip l ie d  th e  number o f counts in  t h a t  b in  by
41P h i l ip  G. Roos, " E la s t ic  and I n e l a s t i c  S c a t te r in g  o f High Energy 
P ro to n  from  N u c le i" , Ph.D . T hesis (U n iv e rs i ty  o f  M aryland, I 96U).
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o f  counts s u b tr a c te d  from  each channel in  th e  shaded re g io n  was d e te r ­
mined by [Number o f Counts in  B in (A E ^ , EUp )] /c h a n n e l  E ^ .  The 
program  th e n  re p e a te d  th e  c a lc u la t io n  f o r  th e  counts in  B in (AEUp „ i ,E Up) 
and f o r  each  energy  lo s s  channel in  th e  d i s t r i b u t io n  down to  AE^q .
Upon com pletion  o f  th e  c o r re c t io n  f o r  a l l  energy  lo s s  channels w ith  
t o t a l  energy  EUp in  th e  t r i t o n  d i s t r i b u t i o n  th e  c a lc u la t io n  was re p e a te d  
f o r  th e  n e x t low er energy  ch an n e l, EUp - l^  in  th e  t r i t o n  d i s t r i b u t i o n ,  
and f o r  a l l  channels in  th e  t r i t o n  d i s t r i b u t io n .  The c o r re c t io n  was 
th e n  a p p lie d  in  th e  same manner to  a l l  channels in  th e  d eu te ro n  spectrum , 
th e n  a l l  channels in  th e  p ro to n  sp ec tru m . For th e  d a ta  ta k e n , th e  
d eu te ro n  le v e ls  from  th e  re a c t io n s  l 2 C (p ,d )11C a t  a  sm a ll an g le  p ro ­
duced th e  m ost t a i l  which had  to  be removed from th e  p ro to n  d a ta .  For 
th e  w o rs t case  observed  th e  d eu te ro n  peaks in  th e  carbon d a ta  a t  15 
d egrees produced a t  m ost 1$ o f th e  counts in  th e  p ro to n  energy  re g io n  
betw een ~  17 and 22 MeV.
3 . C o rre c tio n  f o r  Hard C o llim a to r T a i l
I n  two s e r ie s  o f  ru n s , i t  was n e c e ssa ry  to  use  a  h a rd  c o ll im a to r  
made o f ^ - i n . - t h i c k  Ni w ith  a  0 .73  mm X 0.36 mm h o le  in  i t .  The use  
o f a  h a rd  c o ll im a to r  in tro d u c e d  a second type of t a i l  to  th e  d a ta  as 
d e sc r ib e d  in  C hapter I I ,  S e c tio n  B 2 . S ince th i s  t a i l  was produced 
a lo n g  th e  norm al d i s t r i b u t io n  o f r e a c t io n  p a r t i c l e s ,  th e  c o r re c t io n  
was made to  th e  in d iv id u a l  s e p a ra te d  s p e c t r a .
The p e rc en ta g e  o f counts found in  t h i s  " t a i l "  was de term ined  from  
a  ru n  w ith  th e  d e te c to r  system  in  th e  d i r e c t  beam. I t  was found t h a t  
~  4 .5 $  of th e  counts in  th e  d i r e c t  beam peak were s c a t te r e d  by th e  
c o ll im a to r  in to  a  re g io n  from  ~  1 .6  MeV below th e  peak to  an energy
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o f ~  2 MeV, w ith  a  maximum ~12 MeV below th e  peak .
To c o r re c t  th e  s c a t t e r e d  d a ta ,  i t  was assumed t h a t  th e  t a i l  was p ro ­
duced m o stly  by th e  e l a s t i c  o r  i n e l a s t i c  p eak s , which dom inate th e  
energy s p e c t r a  betw een ~  ^0 and 60 MeV, and k.5% o f  th e se  counts were 
s u b tra c te d  from  th e  s p e c t r a  in  a  d i s t r i b u t i o n  as d e sc rib e d  above.
The v a l i d i t y  o f th e  assum ption  th a t  o n ly  th e  h ig h  en erg y  p a r t i c l e s  
c o n tr ib u te  to  th e  " c o ll im a to r  edge t a i l "  may be examined by c o n s id e rin g  
th e  ways in  w hich a  s c a t te r e d  p a r t i c l e  may i n t e r a c t  w ith  th e  c o llim a ­
t o r  and th en  e n te r  in to  th e  d e te c to r  sy stem . The r e a c t io n  p a r t i c le s  
may s c a t t e r  from  th e  in s id e  edges o f th e  c o l l im a to r ,  th e y  could  pene­
t r a t e  th e  m a te r ia l  o f th e  c o l l im a to r  a f t e r  e n te r in g  th e  h o le  and be 
s c a t te r e d  back in to  th e  system , o r  th e y  may p e n e tra te  th e  o u te r  fa c e  o f 
th e  c o llim a to r  and s c a t t e r  in to  th e  system  b e fo re  th e y  a re  s to p p ed  in  
th e  c o ll im a to r  m a te r ia l .  The p r o b a b i l i ty  o f  o ccu rrence  o f th e  f i r s t  
and second types o f in t e r a c t io n  is  de term ined  by th e  s o l i d  an g le  th e  
in n e r  edge o f th e  c o l l im a to r  edge su b tends a t  th e  t a r g e t .  I t  was found 
t h a t  th e  c o l l i ma to r  edges su b ten d ed  o n ly  ~ 1$ as much s o l id  an g le  as th e  
c o ll im a to r  a re a ,  and th e r e f o r e  o n ly  a  sm a ll p a r t  o f th e  c o ll im a to r
s c a t te r in g  observed  can be e x p la in e d  by  in n e r  edge in te r a c t io n s .  I f ,  
th e n , th e  c o ll im a to r  s c a t t e r i n g  is  dom inated by p ro cesse s  which r e q u ire  
th e  p a r t i c le s  t o  e n te r  th e  fa c e  o f  th e  c o l l im a to r  and th e n  s c a t t e r  in to  
th e  h o le , th e  p r o b a b i l i ty  o f th e  o ccu rren ce  o f  such even ts m ust be a  
fu n c tio n  o f th e  ra n g e , th e r e fo r e  en erg y , o f  th e  s c a t te r e d  p a r t i c l e s .
The range o f p ro to n s  has dropped by a  f a c to r  o f  two from  an energy  
o f  60 MeV to  40 MeV, and th e  p ro to n  range  drops r a p id ly  f o r  s t i l l  low er 
e n e rg ie s .  I t  is  see n , th e n , t h a t  la c k  o f c o r re c t io n  o f th e  d a ta  f o r
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c o l l im a to r  s c a t t e r in g  o f p a r t i c l e s  w ith  energy  le s s  th an  ~^0 MeV does 
produce an e r r o r  in  th e  d a ta .  This e r r o r  is  a t  m ost 2$ and is  always 
a  p o s i t iv e  e r r o r  s in c e  th e  p a r t i c l e s  a re  s c a t te r e d  in to  th e  system  in  
a l l  c a s e s .
D. S y stem a tic  E rro rs  in  th e  D ata
1. Energy Loss in  T a rg e ts
The ta r g e t s  u sed  in  t h i s  experim en t were made as t h in  as p o s s ib le  
( l i m i t  was s e t  by  th e  la rg e  a re a  r e q u ire d )  in  o rd e r  to  keep energy  lo s s  
by th e  r e a c t io n  p a r t i c l e s  in  th e  t a r g e t s  to  a  minimum. A lthough h ig h  
en erg y  seco n d ary  p a r t i c l e s  l o s t  o n ly  a sm a ll amount o f energy  ( t y p i ­
c a l ly  30 KeV f o r  60-MeV p ro to n s ) i n  th e  t a r g e t ,  low energy p a r t i c l e s , 
e s p e c ia l ly  a lp h a s , l o s t  a  more s ig n i f i c a n t  amount o f en erg y . The d a ta  
p re se n te d  in  C hapter IV have n o t been  c o r re c te d  f o r  th e  e f f e c ts  o f such  
an  energy  l o s s .
S ince  th e  lo w est en erg y  seco n d ary  p a r t i c l e s  lo se  th e  m ost energy  
in  th e  t a r g e t ,  a  c o r r e c t io n  would add back more energy  to  th e se  
ev en ts  th a n  to  ones w ith  h ig h e r  o b serv ed  e n e r g ie s . The e f f e c t  
o f  such  a  c o r re c t io n  would be to  s h i f t  t o  h ig h e r  energy  th e  observed  
low energy  d i s t r i b u t i o n  and in c re a s e  th e  c ro ss  s e c t io n  in  th e  peak of 
t h i s  d i s t r i b u t i o n .
The en erg y  lo s s  in  th e  t a r g e t  in  t h i s  experim ent was o n ly  s i g n i f i ­
c a n t f o r  helium -3  and a lp h a  p a r t i c l e s  and th e  amount o f  energy  lo s s  
was le s s  th a n  1 MeV f o r  th e  d a ta  to  be p re s e n te d . As is  p o in te d  o u t 
in  C hap ter IV, th e  a lp h a  p a r t i c l e  d a ta  from  carbon is  c u t o f f  a t  2 .5  
MeV s in c e  below t h i s  energy  th e  a lp h as  lo se  a  la rg e  p a r t  o f t h e i r  
en erg y  in  th e  t a r g e t  o r  a re  s to p p ed  co m p le te ly  in  th e  t a r g e t .  The
th ic k n e ss  o f th e  t a r g e t  d id  n o t s e t  th e  low energy  c u to f f  f o r  any o f th e  
d a ta  from 54Fe o r  309B i.
The energy  lo s s e s  shown below a re  mean energy  lo s se s  which assume 
t h a t  th e  r e a c t io n  o ccu rre d  in  th e  c e n te r  o f th e  t a r g e t .
Carbon:
2 .5  MeV a lp h as  0 .600  MeV
54 Fe
209Bi
12 MeV a lp h as  0 .300  MeV
8  MeV a lp h as  0 .500  MeV
26 MeV a lp h as  0 .^0 0  MeV
16 MeV a lp h as  0 .500  MeV
In  th e  case  o f  4 Fe and 209B i no a lp h as were observed  w ith  e n e rg ie s  
le s s  th an  b MeV and 13 MeV r e s p e c t iv e ly .
2 . Energy A ccuracy
I t  has been  p o in te d  o u t in  C hapter I I ,  S e c tio n  F , t h a t  th e  B, C, 
and D d e te c to r  system s were each c a l ib r a te d  a t  a  g a in  o f 0 .05 MeV/ 
ch an n e l. The germanium d e te c to r  (D) was c a l ib r a te d  u s in g  th e  e l a s t i c  
p ro to n  peak w h ile  th e  B and C d e te c to rs  were c a l ib r a te d  w ith  241 Am 
and 234U a lp h a  s o u rc e s .  The d a ta  a n a ly s is  program  assumed t h a t  th e  
g a in  was th e  same f o r  th e  th re e  d e te c to rs  and i t  f u r th e r  assumed th a t  
th e  g a in  o f th e  th re e  was e q u a l to  th e  g a in  o f th e  D d e te c to r .  However, 
in  p r a c t ic e  th e  gains o f th e  B and C d e te c to rs  were a t  tim es 1 .5  t o  2$ 
d i f f e r e n t  from  t h a t  o f  th e  germanium system .
The d if f e r e n c e  in  d e te c to r  gains produced l i t t l e  e r r o r  in  th e  
energy  o f th e  h ig h  en erg y  peaks s in c e  most o f  th e  energy  f o r  such  
even ts  was d e p o s ite d  in  t h e  germanium d e te c to r  and th e  e r r o r  would be
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a t  m ost 2$ o f a  sm a ll energy  lo s s  in  B p lu s  C. Evidence o f  t h i s  sm a ll 
e r r o r  f o r  th e  peaks i s  p ro v id ed  by  th e  sm a ll d if f e re n c e , ~  1$ , betw een 
th e  observed  and p u b lish e d  Q -values f o r  prom inent i n e l a s t i c  peaks .
However, when an ev en t d e p o s ite d  most o f  i t s  energy  in  B a n d /o r  C, 
th e  u se  o f th e  D g a in  co u ld  r e s u l t  in  a  l a r g e r  e r ro r  in  th e  en erg y .
F o r exam ple, th e  energy  of a  10-MeV peak observed in  th e  p ro to n  spectrum  
co u ld  be in  e r r o r  by 0 .2  MeV.
The e r r o r  o f  1 .5  to  2$ in  th e  c a lc u la te d  energy caused by u n eq u a l 
ga ins was la r g e r  th an  any e r r o r  in c u rre d  from  n o n l in e a r i ty  o f th e  
a n a ly z e r s . The in t e g r a l  l i n e a r i t y  o f  each an a ly ze r was m easured b e fo re  
and a f t e r  each ru n  and th e  an a ly z e rs  were found to  be l in e a r  t o  a  few 
te n th s  o f a  p e rc e n t ex cep t f o r  th e  lo w est 50 channels of th e  B a n a ly z e r .
The shape o f th e  e x p e rim e n ta l s p e c t r a  cou ld  be a f f e c te d  by a  d i f ­
f e r e n t i a l  n o n l in e a r i ty  o f  th e  p u lse  h e ig h t an a ly ze rs  . F or example, 
such  a  n o n l in e a r i ty  co u ld  produce a r t i f i c i a l  peaks and v a lle y s  in  th e  
ex p e rim e n ta l d a ta .  The d i f f e r e n t i a l  l i n e a r i t y  o f each  a n a ly z e r  was 
m easured s e v e ra l  tim es d u rin g  th e  co u rse  o f th e  experim ent and i t  was 
found t h a t  th e  C and D a n a ly z e rs  were l in e a r  . ( d i f f e r e n t i a l )  w ith in  2$ 
over th e  upper 99$ o f th e  channels  u sed , w h ile  th e  B a n a ly z e r  p roduced  
t h i s  r e s u l t  over a l l  b u t  th e  lo w est ko c h a n n e ls . The n o n l in e a r i ty  in  
th e  low B a n a ly z e r  channels co u ld  have a f f e c te d  th e  shape and r e s o lu t io n  
o f th e  h ig h  energy  p eak s , s in c e  th e  energy  lo ss  in  B from h ig h  energy  
even ts  would f a l l  in  th e  low er channels o f t h a t  a n a ly z e r .
3 . M u ltip le  S c a t te r in g  E r ro r
In  C hapter I I ,  S e c tio n  B 2, i t  was p o in te d  out t h a t ,  due to  m u lt ip le  
s c a t t e r in g ,  some p a r t i c le s  l e f t  th e  C d e te c to r  a t  su ch  an an g le  th a t
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th e y  were n o t d e te c te d  in  th e  germanium a lth o u g h  th e y  sh o u ld  have been. 
These counts appear in  th e  d a ta  as a  "bogus" d i s t r i b u t i o n  on th e  B + C 
v ersu s  B d a ta  maps such  as F ig . 5 ( a ) .
A lthough th e  d a ta  p re se n te d  h e re  has no t been  c o r re c te d  f o r  th e  
m u ltip le  s c a t t e r in g  e f f e c t ,  i t  i s  p o s s ib le  to  e s tim a te  th e  m agnitude 
o f  th e  e r r o r  produced in  th e  s p e c t r a .  As can be seen  in  F ig . 5 ( a ) ,  th e  
"bogus" d i s t r i b u t i o n  merges w ith  th e  " re a l"  p ro to n  d i s t r i b u t i o n  f o r  
e n e rg ie s  on th e  t o t a l  en erg y  ax is  g r e a te r  th an  MeV. I t  was a lso  
p o in te d  o u t in  th e  p rev io u s  d is c u s s io n  t h a t  th e  t o t a l  energy  o f th e se  
even ts  as observed  in  F ig .  5 (a )  would be th e  en erg y  lo s s  o f th e  events 
i f  th e y  had been p ro p e r ly  detected '~and p lac ed  on th e  B + C + D d a ta  
map. T h e re fo re , i t  i s  p o s s ib le  t o  de term ine th e  number o f p a r t ic le s  
s c a t te r e d  o u t o f  th e  p ro to n  spectrum  betw een e n e rg ie s  o f 12 MeV and 
2k MeV, b u t i t  i s  n o t p o s s ib le  t o  de term ine  th e  m agnitude o f  th e  e f f e c t  
f o r  p ro to n  en e rg ie s  le s s  th an  12 MeV.
F or a l l  runs e x cep t one s e t  (2000 s e r i e s )  i t  was found  th a t  betw een 
th e  e n e rg ie s  o f 12 and 2k MeV o f th e  seco n d ary  p ro to n  s p e c t r a  ~ 6  to  10$ 
o f  th e  t o t a l  p ro to n s  o b serv ed  were s c a t te r e d  o u t w ith  a  d i s t r ib u t io n  
t h a t  in c re a se d  in  m agnitude from  ~1$ a t  2k MeV to  ~15$ a t  12 MeV. The 
m agnitude o f  th e  e f f e c t  was ap p ro x im a te ly  60$ la r g e r  f o r  th e  2000  
s e r i e s  o f ru n s .
A ngular R e so lu tio n
The an g u la r  r e s o lu t io n  in  t h i s  experim ent was determ ined  by th e  
c o ll im a to r  w id th  and th e  d iam ete r o f th e  beam s p o t  on th e  t a r g e t .  The 
a n g u la r r e s o lu t io n  in  th e  w o rst case  ( t a r g e t  and d e te c to r  ang le  s e t  a t  
55 d eg rees) was ± 1 . 2$ d e g re e s .
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The an g u la r  r e s o lu t io n  o f 1 .2  degrees co u ld  have been c o n s id e ra b ly  
w orse f o r  low energy  r e a c t io n  p a r t i c l e s  e m itte d  from  th e  t a r g e t .  The 
low energy  p a r t i c le s  could  have undergone c o n s id e ra b le  m u lt ip le  s c a t t e r ­
in g  in  th e  t a r g e t  and co u ld  leav e  th e  t a r g e t  a t  a  d i f f e r e n t  a n g le  from  
w hich th e y  were em itted  in  th e  i n i t i a l  r e a c t io n .  I t  is  to  be seen  in  
C hapter 17, however, t h a t  th e  a n g u la r  d i s t r i b u t i o n  o f th e  low energy  
p a r t i c l e s  is  v e ry  n e a r ly  i s o t r o p ic  and th e r e fo r e  n o t s e n s i t iv e  to  poor 
a n g u la r  r e s o lu t io n .
E . C a lc u la tio n  of P h y s ic a l Q u a n ti t ie s
Once th e  energy  s p e c t r a  which g iv e  counts in  each energy  re g io n  o r 
channel were o b ta in ed  f o r  a l l  p a r t i c l e s ,  i t  was p o s s ib le  to  compute 
th e  c ro ss  s e c tio n s  f o r  s c a t t e r in g  in to  each  energy  re g io n  o f  th e  s p e c t r a .  
The e x p re ss io n  used  to  compute th e  d i f f e r e n t i a l  c ro ss  s e c tio n s  was
to (9 )  _ 1 (9 ) A , .
dfi I D No t
where:
I Q = number of in c id e n t  p a r t i c l e s  
l ( 0 ) = number o f p a r t i c le s  s c a t t e r e d  th ro u g h  an ang le  0 
in to  th e  d e te c to r  
CQ = s o l id  ang le  in to  w hich th e  p a r t i c l e s  a re  s c a t te r e d  
Nq = Avogadro’s number 
A = atom ic w eight o f  t a r g e t  
t  = t a r g e t  th ic k n e ss  in  g/cxs? .
The a b so lu te  m onito r o f th e  number o f  in c id e n t  p ro to n s  was a F araday  
cup used  w ith  th e  c u r re n t in te g r a t in g  system  d e sc rib e d  in  C hapter I I ,  
S e c tio n  E . l .  The o u tp u t p u lse s  from  th e  in te g r a to r  w ere counted  and
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th e  number o f  in c id e n t  p ro to n s  were computed from th e  in te g r a to r  c a l i ­
b r a t io n  .
The a re a  o f th e  r e c ta n g u la r  c o l l im a to r  was o b ta in e d  by m easuring  
th e  le n g th  and w id th  o f th e  opening w ith  a  t r a v e l in g  m icroscope, and 
th e  d is ta n c e  from t a r g e t  to  c o ll im a to r  c e n te r  was m easured in  th e  same 
m anner. The e r r o r  in  measurement o f th e  b e am -to -c o llim a to r  d is ta n c e  
was ~1$ . The s o l i d  ang le  i s  c a lc u la te d  from th e se  q u a n t i t ie s  as A/D2 . 
The vise o f th e  c e n te r  o f  th e  c o ll im a to r  as th e  p o in t  f o r  d is ta n c e  
measurem ent r e s u l te d  in  an o v e r -e s tim a te  o f th e  s o l i d  ang le  by 1 . 5$
The d a ta  r e p o r te d  in  th i s  work have n o t been c o r re c te d  f o r  th is  e r r o r .  
The t a r g e t  average th ic k n e ss  and u n ifo rm it ie s  a re  g iv en  in  th e  n ex t 
c h a p te r .
In  o rd e r  t o  f a c i l i t a t e  c ro ss  s e c t io n  c a lc u la t io n s  f o r  th e  m ajo r, 
w e ll  s e p a ra te d  peaks in  th e  s p e c t r a ,  a  peak se a rc h  was in c lu d ed  in  
th e  a n a ly s is  program . Peaks were found by t e s t i n g  th e  number o f  counts 
in  a fo u r-c h a n n e l re g io n  f o r  s ig n if ic a n c e  above th e  sum of counts in  
th e  two channels below, and above t h i s  re g io n . The fo u r-c h a n n e l re g io n  
was moved ac ro ss  th e  spectrum  u n t i l  a  peak was found . When a peak was 
lo c a te d , th e  maximum w id th  and peak  channel were determ ined , and th e  
program  computed th e  number o f counts in  th e  peak , s u b tra c te d  th e  
background which was th e  average o f th e  counts in  th e  channels §  peak 
w id th  above and below th e  peak re g io n , c a lc u la te d  th e  t o t a l  c ro ss  
s e c t io n  in  m il l ib a rn s  p e r  s t e r i d i a n  f o r  th e  peak and c a lc u la te d  e r ro r s  
in  th e  c ro ss  s e c t io n  based  on co u n tin g  s t a t i s t i c s .
To c a lc u la te  th e  Q v a lu e  o f th e  r e a c t io n  le a d in g  to  th e  d e te c te d  
peak s , th e  a n a ly s is  program used  c l a s s i c a l  k in em atic  form ula
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« , . * ( ! ♦ £ ) - *  ( x - £ ) - a S j p K  Cose (3.2)
where
Mi, M3, and Mi = mass of th e  in c id e n t p a r t i c l e ,  mass of th e
l i g h t  r e a c t io n  p ro d u c t, and mass o f  th e  r e c o i l ,  
r e s p e c t iv e ly
E i , E3 = en erg y  o f in c id e n t  p a r t i c l e  and l i g h t  r e a c t io n  
p ro d u c t, r e s p e c t iv e ly  
0 = la b o ra to ry  s c a t t e r in g  a n g le  o f th e  l i g h t  p ro d u c t.
To c a lc u la te  th e  Q v a lu e  a c c u r a te ly  i t  was n e c e ssa ry  to  know th e  
e n e rg ie s  o f th e  peaks as a c c u r a te ly  as p o s s ib le .  The g a in  (MeV/ch) 
was o b ta in ed  by c a lc u la t in g  th e  energy  o f  th e  e l a s t i c  peak and d iv id ­
in g  th i s  by th e  e l a s t i c  ch an n e l as o b ta in e d  in  th e  peak s e a rc h .
The masses o f  th e  s c a t te r e d  p a r t i c l e  and th e  r e c o i l s  were o b ta in e d  
from mass ta b le s  by M attau ch .42
Although th e  peak  s e a rc h  worked a d e q u a te ly  f o r  peaks t h a t  were w e ll  
above background and were w e ll s e p a ra te d , i t  m issed  many peaks in  th e  
spectrum . The c ro ss  s e c t io n s  f o r  th e se  peaks were o b ta in e d  by hand 
c a lc u la t io n s  o r by a  " p e a k -s tr ip p in g "  program  w r i t t e n  f o r  th e  PDP-8 .




The ex p erim en ta l system  as d e sc rib e d  in  C hapter I I  a d e q u a te ly  f u l ­
f i l l e d  th e  c a p a b i l i t i e s  r e q u ire d  in  th e  f i r s t  c h a p te r .  The raw d a ta  
maps o f  energy lo ss  v e rsu s  t o t a l  energy  and TOF v ersu s  en erg y , as shown 
in  F ig s .  5 and 6 , a re  ty p ic a l  o f th e  s e p a ra t io n  betw een secondary  
p a r t i c l e s  f o r  a l l  t a r g e t s . The low er l im i t  o f observed  secondary  
energy  was in  m ost cases determ ined  by th e  t a r g e t  nucleus and n o t by 
th e  a p p a ra tu s .
The b e s t  r e s o lu t io n  o b ta in e d  w ith  th e  germanium d e te c to r  was 
ap p ro x im a te ly  0 . 1$ over an in c id e n t p ro to n  energy range of 2 0 -  to  
60-MeV. However, th e  germanium r e s o lu t io n  ty p ic a l ly  o b ta in e d  d u rin g  
th e  experim en t, when losing two AE d e te c to rs  p reced in g  th e  germanium 
as d e sc rib e d  in  C hapter I I  and u s in g  an a ly z in g  magnet s l i t  openings 
wide enough to  p erm it re a so n ab le  beam c u r re n ts ,  was ~ l8 0  keV. The 
180-keV r e s o lu t io n  was ty p ic a l  f o r  d a ta  ta k e n  w ith  6 0 - , 39-> and 
28-MeV in c id e n t p ro to n s . The r e s o lu t io n  o f th e  s i l i c o n  s u rfa c e  
b a r r i e r  d e te c to rs  used  as AE d e te c to rs  f o r  th is  experim ent was le s s  
th an  50 keV fo r  a  5-MeV a lp h a  p a r t i c l e .
The d e te c to r  system  and a s s o c ia te d  e le c tro n ic s  as d e sc rib e d  were 
assem bled in  th e  f i n a l  form  over a  s e r ie s  o f runs du rin g  th e  p e r io d  of 
ap p ro x im a te ly  12 m onths. I t  i s  f o r  th i s  reaso n  th a t  no t a l l  o f th e  
d a ta  ta k en  show th e  seco n d ary  s p e c tr a  down to  th e  low est e n e r g ie s . A 
b r i e f  d e s c r ip t io n  o f th e  c h a ra c te r  o f th e  d a ta  from each ru n  is  l i s t e d  
in  T able  I I I  a lo n g  w ith  th e  d a te  o f th e  ru n .
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TABLE I I I .  CHARACTERISTICS OF RUNS
S e rie s Date In c id en tP a r t ic le




Type D esc rip tio n  o f  Data System M alfunctions
1000 8/66 Proton 60.5 Soft Only 1 AE d e te c to r  FL(2 ) 
used and no tim e -o f- 
f l ig h t .  Energy cu t o f f  
fo r  p ro tons "9 MeV. 
Energy cu t o f f  fo r  alpha 
p a r t ic l e s  "36 MeV.
Some f la g  2 's  s e t 
f a l s e ly .
5000 10/66 Proton 61.5 S oft Two AE d e te c to rs  used as 
in  f i n a l  system - no 
t im e -o f - f l ig h t .
Some f la g  l ' s  and 
f la g  2 's  s e t  fa ls e ly .
1(000 12/66 Proton 61.3 Soft Two AE d e te c to rs  used - 
few tim e -o f - f l ig h t  runs.
A n ti-p ile  up c i r c u i t  
f a i lu r e  prevented 
use o f  p i l e  up flag . 
Poor peak shape.
5000 2/67 Proton 61.7 Hard Two AE detec to is used - 
t im e -o f - f l ig h t w ithout 
beam sweeper.
T im e-o f-flig h t 
re so lu tio n  poor 
(2 nsec)
6000 b/67 Proton 38.6 S o ft F in a l system.
6100 V 67 Alpha 58.8 Soft F in a l system. Sweeper 
no t used.
7000 6 /6  7 Proton 60.9 Hard F in a l system.
2000 10/67 Proton 61.9 Hard F in a l system. Some d a ta  lo s t  due to  
apparent f a i lu r e  of 
V ictoreen overflow 
system. D d e te c to r  
elim inated  from 
p i l e  up.
0000 12/67 Proton 28.5 Hard F in a l system.
0100 12/67 Proton 61.5 Hard F in a l system. Some e la s t i c  and 
in e l a s t ic  d a ta  lo s t  
due to  poor germanium 
re so lu tio n  a t  very 
low d e te c to r  vo ltage. 
Some -11(2 ) no t se t .
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As was p o in te d  o u t in  C hapter I ,  i t  was d e s ir e d  to  cover a wide 
mass range o f t a r g e t  n u c le i  during  th i s  ex p erim en t. T his n e c e s s i ta te d  
a  compromise betw een th e  amount o f  d a ta  tak e n  f o r  each  ru n  ( i . e . ,  each 
ang le  f o r  each  t a r g e t )  and th e  number o f an g les  and t a r g e t s  to  be u sed . 
The p re s e n ta t io n  o f  a  good angu lar d i s t r i b u t io n  of d i f f e r e n t i a l  c ro ss  
s e c t io n s  f o r  s c a t t e r in g  to  d is c r e te  le v e ls  r e q u ire s  many a n g le s , w hile  
th e  sm a ll c ro ss  s e c t io n  f o r  (p , 3 He) r e a c t io n s ,  f o r  exam ple, n e c e s s i­
t a te s  a  co u n tin g  tim e much longer th a n  would be needed to  p re s e n t  th e  
t o t a l  spectrum  o r  th e  ( p ,p ')  and (p ,d )  l e v e l s .  The compromise 
a ttem p ted  was to  count f o r  a long tim e a t  a few o f  th e  an g les  in  o rd e r • 
to  a s c e r ta in  th e  Q -values and a rough in d ic a t io n  o f th e  d i f f e r e n t i a l  
c ro ss  s e c t io n s  o f a l l  th e  re a c tio n s  to  d i s c r e te  l e v e l s ,  w h ile  th e  
o th e r  d a ta  were ta k e n  f o r  o n ly  enough tim e to  o b ta in  ( p , p ' ) ,  ( p ,d ) ,  
and t o t a l  s p e c t r a  w ith  s u f f i c i e n t  s t a t i s t i c s .  F or t h i s  re a so n , th e  
s t a t i s t i c s  in  even th e  ground s t a t e  t r a n s i t io n s  f o r  ( p , t ) ,  ( p ,3 He), 
and ( p ,a )  d a ta  a re  to o  poor in  many cases to  y ie ld  a  c ro ss  s e c t io n  fo r  
many r u n s .
I t  was m entioned p re v io u s ly  t h a t  th e  germanium d e te c to r  was encap­
s u la te d  beh in d  a 0 .0 0 0 2 -in .  Ni window. S ince th e  window was in  th e  
p a th  o f th e  d e te c te d  p a r t i c l e s ,  i t  c o n s t i tu te d  a dead la y e r  to  th e  
p a r t i c l e s .  A lthough th e  energy  l o s t  in  such  a th in  dead la y e r  is  sm a ll 
f o r  a 60-MeV p ro to n , f o r  each p a r t i c l e  th e re  i s  an  energy  f o r  which 
th e  p a r t i c l e s  end t h e i r  range in  th e  window.
I f  a  p a r t i c l e ,  f o r  example a p ro to n , lo se s  n e a r ly  a l l  o f  i t s  energy  
in  th e  f i r s t  two d e te c to rs  (B and C), i t  may s to p  in  th e  n ic k e l  window. 
This ev en t would look  l ik e  a "BC" even t and n o t a  "CD* ev en t s in c e  th e
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p a r t i c l e  never reach ed  D. The t o t a l  energy  would, o f  co u rse , be in ­
c o r r e c t ly  summed s in c e  some of th e  energy  i s  l o s t  in  th e  n ic k e l .
F o r p ro to n s , th e  e f f e c t  o f th e  dead la y e r  sh o u ld  f i r s t  be n o tic e d  
a t  '■'-9.3 MeV s in c e  t h i s  i s  th e  maximum p ro to n  energy  th a t  i s  s topped  
in  621 |x o f s i l i c o n .  The dead la y e r  in c re a se s  th e  e f f e c t iv e  th ic k n e ss  
o f th e  s i l i c o n  d e te c to r  so  t h a t  ~9-45-MeV p ro tons a re  sto p p ed  in  th e  
co m b in a tio n s. S ince  th e  f a s t  d is c r im in a to r  b ia s  on th e  germanium 
(D) d e te c to r  was s e t  a t  '-'300 keV, th e  e f f e c t iv e  range o f th e  AE 
d e te c to r s  p lu s  dead la y e r  p lu s  e f f e c t  o f  th e  germanium b ia s  . However, 
th o se  p ro to n s  betw een th e  en e rg ie s  o f  9 -3  and 9-75 MeV sh o u ld  have 
been d e te c te d  in  th e  germanium, b u t were su p p ressed  by th e  e f f e c t iv e  
dead la y e r  and appear in  th e  B + C spectrum  w ith  an in c o r re c t  energy . 
The same argum ent is  t r u e  f o r  a lp h a  p a r t i c le s  in  th e  energy  range 
o f ~ 3 7 -2  MeV to  37-75 MeV.
S in ce  th e  3-6  mg/cm3 dead la y e r  o f n ic k e l  can absorb  a  maximum 
o f  600 keV p ro to n  energy , o r  2 .4  MeV a lp h a  energy , th e  re g io n  below 
9-3  MeV f o r  p ro tons and 37-2 MeV f o r  a lphas c o n ta in  even ts which 
r i g h t f u l l y  belong  in  th e  B + C + D spectrum  b u t were sto p p ed  by th e  
dead l a y e r .
B . T a rg e ts
D ata was o b ta in e d  from th e  fo llo w in g  ta r g e t s :  l 2 C, l 6 0 , 27A1,
54F e, 5 6Fe, 89Y, 120Sn, 197Au, and S0 9 B i. This paper w i l l  be con­
cern ed  o n ly  w ith  th e  1 3 C, 54F e, and 209B i d a ta .
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The t a r g e t s ,  w ith  th e  e x c e p tio n  o f carbon , oxygen, aluminum, and 
g o ld , were p rep a red  by th e  Iso to p e  D iv is io n  o f  th e  Oak Ridge N a tio n a l 
L ab o ra to ry . The t a r g e t s  used  f o r  carbon were made o f p o ly s ty re n e  
(^ 000 , 5000 , 7000 , and 2000  ru n s )  and p o ly e th y len e  ( 1000 , 3 0 0 0 , and 
some 2000) p l a s t i c  f o i l .  The aluminum ta r g e t  used  was com m ercial 
h ig h  p u r i ty  f o i l .
T able IV shows th e  c h a r a c t e r i s t i c s  o f each t a r g e t  vised. The th ic k ­
ness o f  each t a r g e t  ex cep t th e  b ism uth  t a r g e t  was o b ta in e d  from  th e  
w eigh t o f  th e  ^ - in -d ia m  p ie c e  o f  th e  t a r g e t  t h a t  th e  beam s tr u c k .
The accu racy  o f th e  w eig h t and th e  u n ifo rm ity  o f th e  3: - in .  d iam eter 
p ro v id ed  a measurement good to  le s s  th an  1$. The th ic k n e ss  o f  th e  
bism uth t a r g e t  was o b ta in e d  from  th e  energy lo s s  o f ~5 MeV a lp h a  
p a r t i c le s  in  th e  t a r g e t .  This measurement was good to  ~-±2$.
The u n ifo rm ity  o f  each t a r g e t  was m easured by scann ing  th e  t a r g e t ,  
in  2-mm s e c t io n s ,  w ith  an a lp h a  so u rc e . The in c id e n t  a lp h a  energy  and 
th e  energy  rem ain ing  a f t e r  f o i l  p e n e tr a t io n  were co n v erted  t o  range 
(mg/cm?) by th e  vise o f ta b le s  by Jan n i43 which were n o rm alized  to  
ex p erim en ta l s p e c i f i c  energy  lo s s  d a t a .44 The u n ifo rm ity  was o b ta in ed  
from  th e  change in  en erg y  lo s s  from  th e  a lp h a  p a r t i c l e s  w ith  th e  
lo c a t io n  o f th e  2-mm s p o t on th e  t a r g e t .  The maximum and minimum 
th ic k n e ss  were tak e n  as th o se  th ic k n e sse s  w ith in  a l-cms a r e a  around 
th e  t a r g e t  c e n te r ,  w hich encompassed 75$ o f th e  th ic k n e ss  v a lu es
43 J .  F . J a n n i, " C a lc u la tio n s  o f Energy Loss, Range, P a th le n g th , 
S tra g g lin g , M u ltip le  S c a t te r in g ,  and th e  P r o b a b i l i ty  o f  I n e l a s t i c  
N uclear C o llis io n s  f o r  0 .1 -  to  1000-MeV P ro to n s" , Tech. R eport No. 
AFWL-TR-6 5 - I 5O, A ir F orce  Weapons L ab ., R esearch  and Technology D iv ., 
A ir  Force System Command, K irk la n d  A ir Force Base, New M exico.
4 4 S. G orodetzky e t  a l . ,  N uclear P h y s ., A6 7 0 2 , 133 (1 9 ^ 7 ).
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TABLE IV. TARGET CHARACTERISTICS




F a t r i c a t io n
ch 3 n a tu r a l  c a r to n 0 . 9 I* ± 0 .0 0 9 p l a s t i c  f o i l
CH n a tu r a l  c a r to n 2 . 1»0 ± 0 . 021* p l a s t i c  f o i l
M ylar n a tu r a l  oxygen 0.927  ± .0 0 9 p l a s t i c  f o i l
27A1 100 1*. 78 ± 0 . 01*8 r o l l e d
27a i 100 1 . 2 l* ± 0 .0 1 2 r o l l e d
54Fe 97-2 3 .2 6  ± 0 .0 3 3 r o l l e d
56Fe 99-7 i*.oo ± 0 . 01*0 r o l l e d
89y 100 3 .6 6  ± 0 .0 3 7 r o l l e d
12oSn 9 8 . 1* i*. 85 ± 0 . 01*9 r o l l e d
197Au 100 7 .0 2  ± 0 .0 7 0 r o l l e d
209Bi 100 9 .2 5  ± 0 .0 9 3 ev ap o ra ted
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m eastired. The u n ifo rm ity  o f th e  th re e  ta r g e t s  re p o r te d  in  t h i s  work 
was ~±3$ .
The is o to p ic  p u r i ty  o f th o se  t a r g e t  elem ents f o r  which th e re  a re  
more th a n  one s ta b l e  iso to p e  was o b ta in e d  from  th e  Iso to p es  D iv is io n  
o f  th e  Oak Ridge N a tio n a l L ab o ra to ry  and is  th e  r e s u l t  o f a  s p e c tro ­
sc o p ic  a n a ly s is .  Some carbon and oxygen co n tam in a tio n  o f  th e  f o i l s  
was observed  in  th e  d a ta : however, th e  co n tam in a tio n  was v e ry  sm a ll 
and, in  cases where th e  contam inant peak f e l l  in s id e  an i n e l a s t i c  
l e v e l  from th e  t a r g e t ,  th e  i n e l a s t i c  d a ta  was n o t an a ly zed .
C. Backgrounds
I t  was p o in te d  o u t in  C hapter I I  t h a t  th e  d a ta  a c q u is i t io n  system  
cou ld  be " tr ig g e re d "  on ly  by th e  o ccu rren ce  o f:
1) An even t which produced a "B" f a s t  p u lse  above th e  d is c r im i­
n a to r  s e t t i n g .
2) An ACD e v e n t.
S in ce  th e  B d e te c to r  th ic k n e ss  was o n ly  0 .1  mm, th e  p r o b a b i l i ty  
was sm a ll t h a t  a n y th in g  b u t  a charged p a r t i c l e  cou ld  produce a 
B " a l e r t " .  The req u irem en t o f  a  CD co in c id en ce  f o r  an a l e r t  a ls o  made 
th e  p r o b a b i l i ty  o f a n a ly s is  o f noncharged p a r t i c l e  even ts sm a ll even 
though th e  germanium d e te c to r  was s e n s i t iv e  to  gamma r a y s .  However, 
a  la rg e  number o f ta r g e t - a s s o c ia te d  ev en ts  w ith  en e rg ie s  le s s  th an  
~^00 keV were d e te c te d  in  th e  lOOji d e te c to r .  These e v e n ts , p ro b ab ly  
e le c t r o n s ,  were d is c r im in a te d  a g a in s t  by a  400-keV "so ftw are"  b ia s  in  
th e  PDP-8  d a ta  accum ula tion  program .
S in ce  i t  was p o s s ib le  f o r  charged  p a r t i c l e s  from  o th e r  sources 
th a n  th e  t a r g e t  to  t r i g g e r  th e  d e te c t io n  system , d a ta  was tak en  to  
e v a lu a te  th e  background c o n tr ib u t io n  to  th e  d a ta .  D ata was o b ta in ed
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u s in g  a  b lan k  t a r g e t  h o ld e r  w ith  th e  d e te c to r  system  a t  15 degrees 
and t a r g e t  a t  15 degrees and w ith  th e  d e te c to r  a t  90  degrees and 
t a r g e t  a t  55 d e g re e s . These ang les re p re s e n t  what sh o u ld  have been 
th e  w o rst case f o r  background.
E s s e n t i a l ly  no background was observed  a t  90 degrees and th e  back­
ground observed  a t  15 degrees would c o n tr ib u te  a t  m ost 1$ o f  th e  d a ta  
o b ta in e d  a t  15 degrees w ith  a l i g h t  mass t a r g e t .  No c o r re c t io n  has 
been made to  th e  d a ta  f o r  t h i s  sm a ll c o n tr ib u t io n  from  background s in c e  
th e  c o n tr ib u t io n  is  sm a lle r  th a n  th e  e r ro r s  in  th e  c ro s s - s e c t io n  
m easurem ent, as w i l l  be seen  below.
D. Background from  Bismuth T a rg e t H older
The bism uth t a r g e t  used in  t h i s  experim ent was to  be ex trem ely  
f r a g i l e  due to  i t s  z iz e ,  th ic k n e s s , and c h a ra c te r .  I t  was n eces­
s a ry  to  mount th e  t a r g e t  in  a  r i g i d  fram e made o f 0 . 020 - i n . - t h i c k  
aluminum so th a t  th e  t a r g e t  would n o t b re a k . An id e n t i c a l  "b lan k ” 
t a r g e t  h o ld e r  was vised to  m easure th e  c o n tr ib u t io n  to  th e  observed  
s p e c t r a  from  th e  aluminum fram e in  th e  same manner as th e  background 
c o n tr ib u tio n s  were m easured.
The "b lank" s p e c t r a  were ta k e n  a t  d e te c to r  an g les  o f 15 degrees 
and 6 0  d eg rees , w ith  th e  t a r g e t  ang les a t  15 degrees and 55 d eg rees , 
r e s p e c t iv e ly .  I t  was found th a t  a t  15 degrees th e  b ism uth  fram e cou ld  
have c o n tr ib u te d  as much as 50$ o f th e  ex p e rim en ta l counts f o r  seco n ­
d ary  e n e rg ie s  le s s  th an  10 MeV. F or an g les  g r e a te r  th a n  30 d eg rees , 
however th e  c o n tr ib u tio n  to  th e  d a ta  from  th e  b ism uth  h o ld e r  was 
n e g l i g i b l e .
81
I t  was judged t h a t  th e  p a r t i c le s  s c a t te r e d  in to  th e  d e te c to r  
sy stem , w hich were n e a r ly  a l l  o f  energy  le s s  th a n  10 MeV, were low 
energy  p ro to n s  e l a s t i c a l l y  s c a t te r e d  from th e  aluminum ta r g e t  h o ld e r .
S in ce  "b lank" d a ta  had been o b ta in e d  a t  15 d eg rees , th e  15-degree 
d a ta  from  th e  b ism uth  t a r g e t  was c o r re c te d  d i r e c t l y  from th e  background 
ru n  a f t e r  th e  background counts were norm alized  to  th e  number o f  in ­
c id e n t  p ro to n s  u sed  in  th e  t a r g e t  ru n . C o rrec tio n s  were made to  th e  
2 0 - ,  2 5 - ,  and 3 0 -d eg ree  d a ta  by red u c in g  th e  counts o b ta in ed  from th e  
15 -degree  b lan k  ru n  by th e  r a t i o  o f th e  R u th e rfo rd  cross  s e c t io n  f o r  
aluminum a t  15 degrees to  th e  R u th e rfo rd  c ross  s e c t io n  fo r  th e  ang le  
in  q u e s tio n , th e n  s u b tr a c t in g  th e  "reduced” background from th e  t a r g e t  
d a ta .  The R u th e rfo rd  c ro ss  s e c t io n  has been found to  g ive  a  good 
p r e d ic t io n  o f th e  e l a s t i c  s c a t te r in g  from  aluminum a t  en e rg ie s  between 
9 and 17 MeV, 4 5 *46 f o r  ang les  t h i s  sm a ll.
E . F araday  Cup C a lib ra t io n s
I t  was p o in te d  ou t in  C hapter I I  t h a t  a  Faraday  cup was used  f o r  
th e  a b s o lu te  measurement o f th e  number o f in c id e n t p ro tons f o r  each  
ru n . I t  i s  g e n e ra l ly  assumed th a t  th e  charge c o l le c t io n  e f f ic ie n c y  
is  u n i ty ;  how ever, th e  accu racy  o f  a  F araday  cup is  dependent on th e  
number o f  charged  p a r t i c le s  which s c a t t e r  in to  o r out o f  th e  cup.
There a re  s e v e r a l  f a c to r s  which may c o n tr ib u te  to  an im p erfec t 
c u r re n t  measurement w ith  a F araday  cup. Among th e se  f a c to r s  a re : 
b a c k s c a t te r in g  o f e le c tro n s  c re a te d  by  c o l l i s io n s  o f p ro tons w ith
4 BA. E . G lass g o ld  e t  a l . ,  P h y s . R ev ., 106, 6 , 1207 (19^7) *
4 6 A. E. G lassg o ld  and P . J .  K e llo g , P hys. R ev ., 107, 5, 1372 (1957).
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atom ic e le c tro n s  o f  th e  cup; Compton e le c t r o n  p ro d u c tio n  in  th e  cup; 
e le c tro n s  from th e  t a r g e t  e n te r in g  th e  cup; io n  fo rm atio n  in  th e  cup; 
and co n n ecto r leak ag e . A lthough th e  F arad ay  cup used  in  th e  p re s e n t  
work was designed? 6 to  p rev en t o r  reduce  th e  e f f e c t  o f  th e  above 
f a c to r s ,  i t  was b e lie v e d  n e ce ssa ry  to  e x p e r im e n ta lly  m easure th e  
charge c o l le c t io n  e f f ic ie n c y  o f th e  cup . V ery few such  e f f ic ie n c y  
measurements have been  made, and perhaps th e  m ost a c c u ra te  measurement36 
was to  ~±5$. I t  was hoped t h a t  w ith  th e  use  o f  " f a s t"  co u n tin g  eq u ip ­
ment a  s ig n i f i c a n t  improvement co u ld  be made in  th e  accu racy  o f th i s  
m easurem ent.
The e f f ic ie n c y  was m easured by p la c in g  two NE-102 p l a s t i c  s c in ­
t i l l a t o r s  ( in  co in c id en ce) in  th e  d i r e c t  beam, in  l in e  w ith  and ~ 3  in .  
from  th e  Faraday cup e n tra n c e . The t o t a l  th ic k n e ss  o f  th e  co u n ters  
was 1 .5  mm and i t  was c a lc u la te d  t h a t  le s s  th a n  0 . 1$ o f th e  in c id e n t  
p ro to n s  would be s c a t te r e d  ou t o f  th e  F arad ay  cup by th i s  th ic k n e ss  o f  
m a te r ia l .  A lthough i t  was p o s s ib le  f o r  e le c tro n s  to  be produced in  
th e  s c i n t i l l a t o r s ,  a  magnet p la c e d  a t  th e  F araday  cup en tra n c e  was 
c a lc u la te d  to  p rov ide  s u f f i c i e n t  f i e l d  s t r e n g th  to  p re v e n t th e s e  
e le c tro n s  from e n te r in g  th e  cup. (The same magnet a l s o  reduced  the  
number o f e le c tro n s  which were s c a t te r e d  o u t o f  th e  cu p .)
The measurements were made w ith  count r a te s  betw een 0 .5  X 1C? and 
1 X 1C? p ro to n s /s e c .  In  o rd e r  to  o b ta in  such  a  low beam in te n s i ty ,  th e  
c y c lo tro n  was o p era ted  w ith  th e  a rc  o f f ,  th e  gas flow  tu rn e d  o f f ,  th e  
f i la m e n t o f f ,  and a t  tim es th e  Dee v o lta g e  was mis tu n e d . The charge 
d e p o s ite d  in  the cup was m easured w ith  a v ib r a t in g - r e e d  e le c tro m e te r  
capab le  o f  th e  measurement o f c u r re n ts  as s m a ll  as 10” 13 amps. This
e le c tro m e te r  and a s s o c ia te d  Roysan in te g r a to r  were c a l ib r a te d  a g a in s t  
th e  c u r re n t in te g r a to r  u sed  in  th e  d a ta  c o l le c t io n  and d e sc r ib e d  
e a r l i e r .
The e le c tro n ic s  used  in  th is  measurement were cap ab le  o f co u n tin g  
a t  r a te s  o f 100  m egacycles, so  t h a t  dead tim e c o r re c tio n s  were n e g l i ­
g ib le .  The number o f  tim es p ro to n s  o ccu rred  in  s u c c e ss iv e  beam b u r s ts  
was m easured and from  th i s  measurement th e  number o f  beam b u rs ts  w hich 
co n ta in ed  two p ro to n s  can be c a lc u la te d .  This c o r re c t io n  is  n e c e s sa ry  
s in c e  th e  co u n tin g  a p p a ra tu s  cannot d is t in g u is h  two p ro tons in  one 
b u r s t  a lthough  th e  F arad ay  cup m easures th e  a p p ro p ria te  charge f o r  
two p ro tons in  a  b u r s t .  The m agnitude o f "two in  b u r s t"  c o r re c t io n s  
was ty p ic a l ly  1 to  3$«
The average d if f e r e n c e  betw een th e  number o f p ro to n s  m easured w ith  
th e  coun ters  and t h a t  as m easured by th e  cup was le s s  th a n  1$ over a  
s e r i e s  o f seven  runs w ith  v a ry in g  in c id e n t  count r a t e s .
Although th i s  m easurement showed th e  e r ro r  in  F araday  cup e f f i ­
c ie n c y  to  be n e g l ig ib le ,  i t  d id  n o t measure th e  e f f e c t  which m u lt ip le  
Coulomb s c a t te r in g  o f  th e  in c id e n t  p ro to n s  by th e  t a r g e t  cou ld  have 
on th e  measurement o f  th e  number o f  in c id e n t  p ro to n s . A c a lc u la t io n  
was perform ed b ased  on th e  m u ltip le  s c a t te r in g  th e o ry  o f M o lie re , as 
d e s c r ib e d  by B ic h s e l , 47 in  o rd e r  to  determ ine the  m agnitude of such  
e f f e c t s  in  th i s  ex p erim en t. The r e s u l t s  o f th e se  c a lc u la t io n s  show 
t h a t  le s s  th an  0 . 5$ o f th e  in c id e n t  p ro tons were s c a t te r e d  in  th e  
t a r g e t  through an an g le  so  g r e a t  t h a t  th e y  would m iss th e  F araday  cup .
4 7 H. B ic h se l, P assage  o f  Charged P a r t i c l e s  Through M a tte r , American 
I n s t i t u t e  o f P h y sics  Handbook, 2nd e d . ,  M cGraw-Hill, 19^3•
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F . Dead Time C o rrec tio n
In  g e n e ra l ,  th e  exp erim en ta l dead tim e was co n s id e red  to  be th e  
p e r io d  of tim e t h a t  was ta k e n  up on th e  a n a ly s is  o f an  ev en t and 
d u rin g  which o th e r  even ts  o ccu rred  and w ere n o t an a ly zed . There 
were s e v e ra l  f a c to rs  which c o n tr ib u te d  to  th e  dead tim e in  th e  p re se n t 
ex perim en t. A few of th e s e  a re  charge c o l l e c t io n  tim e o f th e  d e te c to rs  
(no l a r g e r  th a n  200  n s e c ) , re so lv in g  tim e of th e  f a s t  lo g ic  system  
( th e  l im i t  was determ ined  by th e  ~ 1 .6  |isec  dead tim e o f  th e  D f a s t  
d is c r im in a to r ) ,  co nversion  tim e f o r  A n a lo g - to -D ig ita l  c o n v e r te r  
(~100 (Jisec), and tim e tak en  to  w r i te  d a ta  on m agnetic ta p e .  I t  is 
seen  th a t  th e  l im i t in g  f a c to r s  were th e  co n v e rs io n  and ta p e  w r i t in g  
t im e s .
In  t h i s  experim ent, th e  t o t a l  dead tim e c o r re c t io n  f a c to r  was 
determ ined  by th e  r a t i o  o f th e  t o t a l  number o f  even ts  a c c e p ta b le  f o r  
a n a ly s is  to  th e  t o t a l  number o f ev en ts  a c tu a l ly  an a ly zed  and p u t on 
ta p e .  I t  w i l l  be r e c a l le d  t h a t  th e  t o t a l  number o f a c c e p ta b le  even ts 
d e te c te d  cou ld  be o b ta in e d  by a coun t o f  th e  numbers o f  " A le r t"  p u ls e s , 
and th e  number o f hardw are-analyzed  ev en ts  co u ld  be de term ined  from a 
count o f  th e  "T rig g er"  (Encode) p u ls e s ,  s in c e  th e  system  ana ly zed  an 
ev en t f o r  each T rig g e r  p u ls e .  I t  i s  s e e n , th e n , t h a t  th e  r e l a t i v e  dead 
tim e o r p e rcen tag e  of tim e th a t  th e  a n a ly s is  system  i s  busy is  g iv en  by 
[ (A le r ts /T r ig g e rs  ) - l ]  X 100. ( i f  th e  system  ana ly zed  each ev en t de­
te c te d ,.  i t  i s  seen  th a t  th i s  r a t i o  would be one which would im ply 
zero  dead t im e .)  The d a ta  i s  com pensated f o r  t h i s  dead tim e by  in ­
c re a s in g  th e  f a c to r  by which counts a re  m u l t ip l ie d  to  o b ta in  cross  
s e c t io n ,  by th e  q u a n t i ty  " A le r ts /T r ig g e r s " .
The r a t i o  o f A le r ts  to  T rig g e rs  is  a  measure o f th e  system  dead 
tim e on ly  i f  th e  A le r ts  and T rig g e rs  a re  produced "by a  " r e a l"  e v e n ts .
I t  was found th a t  a t  tim es th e  B f a s t  a m p lif ie r  produced an  r f  o s c i l ­
l a t i o n  o f v e ry  f a s t  freq u en cy , w ith  a p u ls e  h e ig h t above th e  d i s ­
c r im in a to r  th re s h o ld ,  and th i s  n o ise  produced a  g r e a t  number o f a r t i ­
f i c i a l  A le r ts  f o r  which th e r e  were no T r ig g e rs .  In  such  c a se s , th e  
r a t i o  o f A le r ts  to  T rig g e rs  i s  n o t a  t r u e  m easure o f th e  dead tim e .
The dead tim e fo r  runs in  which a la rg e  number o f A le r ts  were produced 
a r t i f i c i a l l y  was c a lc u la te d  from th e  r a t i o  o f a l l  F la g  2 (CD) even ts 
d e te c te d  t o  th e  number o f F lag  2 even ts  an a ly zed . This r a t i o ,  in  
g e n e ra l ,  is  s e n s i t iv e  to  th e  same a n a ly s is  system  dead tim es t h a t  th e  
r a t i o  o f A le r ts  to  T rig g e rs  i s ;  however, s in c e  th e  CD f la g  can on ly  
be f i r e d  from  a  co in c id e n c e , th i s  count is  le s s  s u s c e p t ib le  to  n o ise  
in  th e  d e te c to rs  o r a m p l i f i e r s . A com parison of th e  dead tim e c o r­
r e c t io n ,  as m easured by th e se  two sy stem s, shows a ty p ic a l  v a r ia t io n  
betw een th e  measurements o f le s s  th a n  ±2$ .
A second , e f f e c t iv e  dead tim e was caused  by n o n an a ly s is  o f  an 
e v en t o r  whole ta p e  re c o rd  by e i t h e r  an a n a ly s is  program  lo g ic  d e c is io n  
o r by th e  f a i l u r e  o f th e  a n a ly s is  program  to  re ad  a  re c o rd  from th e  
ta p e .  I t  war r a r e  f o r  th e  program  to  en co u n te r more th a n  one re c o rd -  
re a d in g  e r r o r  o u t o f  ~ 2 0 0 0  r e c o r d s .
The "so ftw are"  dead tim e was d e term ined  from th e  r a t i o  o f th e  
number o f  even ts  e l im in a te d  in  th e  a n a ly s is  program  to  th e  t o t a l  
number o f  " r e a l"  even ts  an a ly zed . The e lim in a te d  ev en ts  were o f th e  
fo llo w in g  ty p e s : each  ta p e  re c o rd  n o t re a d  e lim in a te d  128 ev en ts ;
any ev en t which produced an overflow ; any ev en t which produced a  p ile u p
86
f l a g ;  and any ev en t which produced a sum o f  th e  ty p e  B+C o r  B+C+D 
which was g r e a te r  th a n  th e  126^ ch a n n e ls . I t  sh o u ld  be no ted  t h a t  each 
ev en t co u ld  o n ly  be e lim in a te d  once, even i f  th e  e v en t produced more 
th a n  one c o n d itio n  f o r  e l im in a tio n . The number o f  r e a l  even ts  was 
ta k e n  t o  be (128 X number o f re c o rd s )  - (number o f  p u ls e r  e v e n ts )  - 
(number o f  padded e v e n ts ) .  A padded ev en t i s  one t h a t  is  w r i t t e n  on 
ta p e  as th e  uncom pleted p a r t  o f  th e  PDP-8  d a ta  b u f f e r  a t  th e  tim e of 
a  ru n  te rm in a tio n . These even ts were f la g g e d . The "software** dead 
tim e is  com pensated f o r  by m u ltip ly in g  th e  f a c to r  (number by which 
counts m ust be m u lt ip l ie d  to  g iv e  c ross  s e c t io n )  by  th e  r a t i o j  t o t a l  
number o f e v e n ts / ( t o t a l  number o f  events-num ber o f  e lim in a te d  e v e n ts ) .
The c r i t e r i o n  which determ ines w hether a  p a r t i c u l a r  type  o f e lim -
v
in a te d  ev en t a f f e c t s  th e  dead tim e sh o u ld  be w hether th e  e lim in a te d
spectrum , i . e . ,  a r e . th e  e lim in a te d  counts random in  energy? I t  seems 
c le a r  t h a t  th e  even ts no t ana lyzed  due to  ta p e  re a d in g  f a i l u r e  o r th e  
even ts  n o t ana ly zed  due to  p ile u p  a re  random in  en erg y  and t h e i r  
e l im in a tio n  could  a f f e c t  th e  e n t i r e  sp ec tru m . However, th e  e lim in a ­
t i o n  o f  an even t because th e  ev en t produced , f o r  exam ple, a  B overflow  
does n o t im ply th a t  th e se  e lim in a te d  ev en ts  a f f e c te d  a l l  reg io n s  of 
th e  energy  spectrum . In  th e  case of b ism u th , f o r  exam ple, many h igh  
energy  f i s s io n  fragm ents were d e te c te d  (and s to p p ed ) in  th e  B d e te c to r s .  
These even ts  produced a  number o f o v erflo w s; however, i t  i s  c le a r  th a t  
th e s e  overflow s ( th e re fo re  e lim in a te d  e v e n ts )  co u ld  n o t a f f e c t  cross 
s e c t io n s  o f  o th e r  reg io n s  o f th e  bism uth s p e c t r a .  The in c lu s io n  
o f such e lim in a te d  even ts in  th e  "software** dead tim e produced
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an e r r o r  o f  le s s  th an  0 . 5$ f o r  a l l  cases and is  th e re fo re  co n s id e red  
to  be n e g l ig ib le .
G. E rro rs  in  C ro ss -S e c tio n  C a lc u la tio n s
The e r r o r  in c u r re d  in  th e  c ro s s - s e c t io n  measurement is  a  combina­
t io n  o f  th e  e r ro r s  in  th e  measurement o f th e  q u a n t i t ie s  which com prise 
th e  c ro s s - s e c t io n  c a lc u la t io n .  I t  i s  assumed t h a t  th e  combined e r ro r  
f o r  each measurement is  th e  sq u are  r o o t  o f th e  sum o f th e  sq u ares  o f 
each in d iv id u a l  r e l a t i v e  ($ ) e r r o r .
1. The e r r o r  in  th e  measurement o f th e  t o t a l  number o f in c id e n t 
p ro to n s  was m easured to  be le s s  th a n  1$ .
2 . The n o n u n ifo rm ity  o f  th e  t a r g e ts  r e p o r te d  in  t h i s  work was 
~±3$ and th i s  v a r i a t io n  in tro d u ce d  a  maximum e r r o r  in  th e  
th ic k n e ss  o f  th e  t a r g e t  o f ~± 1 . 5$ .
3 . The maximum ty p ic a l  d isc re p a n cy  in  th e  dead tim e measurement 
is  ±2$. This va lue  is  used  f o r  a l l  runs ex cep t as no ted  by 
l a r g e r  e r r o r s .
The measurem ent o f th e  t a r g e t  th ic k n e ss  i s  known to  le s s  th an  
±1$ , excep t f o r  th e  b ism uth  t a r g e t  in  which case  th e  u n c e r ta in ­
t y  is  ~ 12$ .
The com bination  of th e  above e r ro r s  lead s  to  a  t o t a l  n o n s ta t i s t i c a l  
e r ro r  o f ±3$ , ex ce p t in  th e  case  of b ism uth  where th e  e r r o r  is  ±b%>.
H. D ata C om pila tion  and P re s e n ta t io n
The c ro ss  s e c t io n s  f o r  e x c i ta t io n  o f  d i s c r e t e  le v e ls  o f  th e  nucleus 
th rough  re a c t io n s  o f  th e  type  (p ,p ')>  ( p ,d ) ,  e t c . ,  w ere c a lc u la te d  by 
hand e x t r a c t io n  o f th e  number o f counts in  th e  peak o r by e x t r a c t io n  o f 
th e  peak counts th rough  th e  use o f a  l i g h t  pen on th e  PDP-8  com puter.
(F ig u re  26  shows a  ty p ic a l  spectrum  from  which th e  peak counts were 
e x t r a c te d .)  I t  was assumed ( in  b o th  th e  hand c a lc u la t io n s  and th e  
PDP-8  c a lc u la t io n s ) t h a t  th e  peaks ro se  from  a  smooth continuum  which 
ended a  few MeV b e fo re  th e  e l a s t i c  peak en erg y . The continuum  cro ss  
s e c t io n  was no t in c lu d ed  in  th e  c ro ss  s e c t io n  f o r  th e  peak . In  
cases in  which th e  s e p a ra tio n  betw een peaks was n o t com plete th e  counts 
in  each peak were determ ined  by drawing th e  assumed peak shape over 
each peak and d iv id in g  th e  counts in  th e  o v e rlap  re g io n s  betw een th e  
two le v e ls  . No e r r o r  was ass igned to  th e  d a ta  due to  am bigu ity  in  
th e  peak " s t r ip p in g "  method f o r  im p e rfe c tly  s e p a ra te d  peaks . The 
c ross  s e c t io n s ,  in  m ill ib a rn s  p e r  s te r a d ia n ,  f o r  th e  e x c i ta t io n  o f 
d i s c r e te  le v e ls  a re  g iven  in  ta b le s  to  fo llo w  f o r  b o th  th e  c e n te r  o f 
mass and la b o ra to ry  sy s te m s . The e r r o r ,  in  m il l ib a rn s  p e r  s te r a d ia n ,  
and th e  la b  and c e n te r  of mass s c a t te r in g  ang les  a re  a ls o  g iven  in  
th e  t a b l e s .
The c ro ss  s e c t io n  in  th e  re g io n  below th e  e l a s t i c  peak , in c lu d in g  
th e  d i s c r e te  le v e l s ,  were averaged over 1-MeV b in s .  T hat p a r t  o f  th e  
b in n ed  d a ta  which was o b ta in ed  by th e  AExE system  is  l i s t e d  in  Appen­
d ix  A. The d a ta  a t  each ang le  is  re p re s e n te d  by th e  energy  o f  th e  
b in  c e n te r  in  MeV, th e  average c ro ss  s e c t io n  in  th e  1-MeV b in  in  m i l l i ­
barns p e r  s te r a d ia n  p e r  MeV, and th e  e r r o r  due o n ly  to  coun ting  s t a t i s ­
t i c s  g iv en  in  m il l ib a rn s  p e r  s te r a d ia n  p e r  MeV. The sy s te m a tic  e r ro rs  
d isc u s se d  in  C hapter I I I ,  S e c tio n  G, and in  th i s  C hap ter, S e c tio n  G, 
m ust be c o n s id e red  w ith  th e  e r r o r  l i s t e d .  The d a ta  w hich were o b ta in e d  
by th e  t im e -O f - f l ig h t  system  a re  a ls o  l i s t e d  in  1-MeV b in s .  These d a ta  
a re  l i s t e d  in  Appendix B and a re  la b e le d  w ith  th e  same energy  and
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c ro s s - s e c t io n  head ings as d e sc rib e d  above.
D ata i s  a ls o  p re se n te d  in  a  form  "which is  in te g ra te d  over energy 
o r a n g le . The in t e g r a l  over energy  a t  a  g iv en  ang le  was perform ed by 
summing a l l  th e  counts in  a  g iv en  spectrum  down to  th e  low energy  c u t­
o f f .  In  th e  case  o f  th e  p ro to n  s p e c t r a  th e  counts in  th e  e l a s t i c  peak 
were excluded; however, a l l  i n e l a s t i c  le v e ls  were in c lu d ed  in  th e  sums. 
The r e s o lu t io n  was s u f f i c i e n t  to  unam biguously s e p a ra te  th e  e l a s t i c  
peak from  any i n e l a s t i c  le v e ls  ex cep t in  th e  case o f  209B i where th e
0 .9 5 -MeV le v e l  is  u n se p a ra te d  from  th e  t a i l  o f  th e  e l a s t i c  peak a t  
most a n g le s . This l e v e l  i s ,  however, v e ry  w eakly e x c i te d  and i n t r o ­
duces n e g l ig ib le  e r r o r  in to  th e  sum. The c ro ss  s e c tio n s  in te g ra te d  
over energy  in  m i l l ib a r n s / s te r a d ia n  a re  l i s t e d  in  th e  body o f  th e  
d i s s e r ta t i o n  u nder th e  r e s p e c t iv e  t a r g e t  h ead in g s .
An i n t e g r a l  over an g le  (from  0° to  l8 0 ° ) was perform ed f o r  each 
energy b in  o f 1-MeV w id th . The c ro ss  s e c t io n  over a l l  ang les  f o r  each
energy b in  E . is  o b ta in e d  from th e  sum 
0
n
2n ^C T (E J , 0 i ) &  cos ( 3 ^ )  - cos (e1+1n ( * . 1 )
i= l
where i = l  and i=n r e p re s e n t ,  r e s p e c t iv e ly ,  th e  s m a lle s t  and la r g e s t  
angles a t  which d a ta  was o b ta in e d , 0Q = - 0 1 '  9n + l “  " 9n d e g re e s .
The term  a ( E . ,0 . )  r e p re s e n ts  th e  cross s e c t io n  o f th e  energy  b in  
J
Ej fo r  th e  an g le  0 ^ . The c ro ss  s e c tio n s  a t  each an g le  between 
zero degrees and 0 ^ and between 0n and 180  degrees a re  assumed to  
be c o n s ta n t and e q u a l to  th e  v a lu e  o f th e  c ro ss  s e c t io n  a t  0 ^ and 
0n , r e s p e c t iv e ly .  The in te g r a ls  over an g le , in  m illibarns/M eV , fo r  
each en erg y  b in  a re  l i s t e d  in  th i s  C hap ter.
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The t o t a l  in te g ra te d  cross s e c t io n  in  m il l ib a rn s  f o r  each  charged  
p a r t i c l e  from  th e  t a r g e t  i s  o b ta in ed  by summation o f  th e  ang le  i n t e ­
g ra te d  c ro ss  s e c tio n s  f o r  each energy  b in  over a l l  b i n s . This c ross  
s e c t io n  in  th e  case  o f secondary  p ro to n s  excludes a l l  e l a s t i c  e v e n ts .
T ab le  V g ives a  l i s t ,  f o r  each t a r g e t ,  o f  th e  an g les  a t  which d a ta  
was ta k e n , th e  ru n  number, and th e  f a c to r s  by  which th e  number o f 
counts m ust be m u lt ip l ie d  to  o b ta in  c ro ss  s e c t io n s  in  m i l l ib a r n s /  
s te r a d ia n .  The f a c to r s  a llow  an e s tim a tio n  o f s t a t i s t i c a l  e r r o r  to  
be made, based  on th e  cross s e c t io n s .l i s t e d  in  th e  d a ta  t a b le s .
I .  12 C R e su lts
The s p e c t r a  o f secondary  p ro to n s , d e u te ro n s , t r i t o n s ,  he lium -3 , 
and a lp h as  from 12C a t  35 degrees a re  shown in  F ig .  15. The low 
energy  c u t -o f f s  observed on th e se  s p e c t r a  were n o t s e t  by th e  low est 
energy  o f  em ission  by th e  t a r g e t  nucleus (p h y s ic a l  c u t - o f f )  b u t were 
caused  by th e  t a r g e t  th ick n ess  . In  a l l  o f  th e  d a ta  re p o r te d  th e  
th ic k n e ss  o f th e  CJ& ta r g e t  used (~ 0 .9  mg/cm2 ) caused  c o n s id e rab le  
d i s t o r t i o n  o f th e  energy  s p e c tra  below ~ 2 .5 MeV f o r  a lphas and ~600 
keV f o r  p ro to n s . The c u t- o f f  in  th e  p ro to n  spec trum  which was p lac e d  
a t  1 MeV was caused by " fo ld -o v e r"  in  th e  t im e - o f - f l i g h t  spectrum  from  
even ts  whose tim e o f  f l i g h t  was lo n g e r  th a n  88  n sec . I t  i s  c le a r  from  
th e  raw d a ta  t im e - o f - f l ig h t  maps o f 12C, such  as th e  one seen  in  
F ig . 5, th a t  many low energy p a r t i c le s  o f heavy mass (6  and 7) were 
o b serv ed . For th is  reaso n  i t  would be d i f f i c u l t  w ith  o n ly  88  nsec 
betw een beam b u rs ts  to  ex tend  th e  low energy  p ro to n  d a ta  below 1 MeV 
even w ith  a th in n e r  t a r g e t .  In  th e  case  o f  th e  helium -3  and t r i t o n  
s p e c t r a ,  th e  low energy  l im i t  was s e t  by s t i l l  a n o th e r  ex p erim en ta l
TABLE V
L is t  o f  A ngles, Runs, and F ac to rs  f o r  Each T arg e t
12C 54Fe 209B i
Lab Angle Run Lab Angle Run Lab Angle Run
Degrees Number F a c to r  Degrees Number F a c to r  Degrees Number F a c to r
15 7110 1 .7 ^ X 10~3
2 0 .8 2007 3 .6 8  X 10"3
25 2052 3 .1 7  X 10“3
30 2000 1 . 21+ x i c r 3
35 2001 5 .8 5  X 1CT4
1+0 2033 1 .7 9  X i c r 3
^5 7102 1 .8 7  x i c r 4
55 0103 8 .5 2  X i c r 4
6 o 7115 1 .3 7  X ic r 4
65 0105 8 .3 0  X ic r 4
70 2032 1 .32  x 1CT3
75 2017 2 .6 9  X ic r4
82 1+001 2 .1 7  X 10“ 6
90 2023 3 . 9^ X ic r 4
110 7113 1 .31+ x 1G-4
l 6 o 2060 3 - 9 ^  X i c r 4
12 0123 l.l+o X 10" 2
15 5016 3 .1 1 X i c r 3
20 1+020 1 .1 8 X i c r 3
27 5020 3 .1 2 X i c r 4
30 5007 3 .3 6 X i c r 4
35 1+021 1 .5 3 X i c r 3
1+0 5002 9 .0 5 X 10"4
^5 1+031 3 A 2 X icr 4
1+7 501+2 5 . 1+7 X 10"4
50 5010 5 .0 7 X ic r4
55 1+021+ 3 .6 2 X 10"4
60 501+3 5 . 1^ X i c r 4
65 5011 1 .6 5 X 10"4
70 501+1+ 6 .8 6 X ic r4
80 5012 1 .2 9 X ic r4
90 1+010 1 .1 2 X i c r 4
100 2070 1 .0 5 X i c r 3
110 5015 1 .1 3 X 10"4
120 7002 3 .6 8 X i c r 4
135 1+011 7 .7 0 X 10" 5
160 2067 1 .1 1 X 10" 3
15 5030 2 .9 5 X 1Cf 3
20 5027 1 .3 2 X i c r 3
25 5026 1 .6 8 X i c r 3
30 5021 6 .0 1 X ic r4
35 5025 5-^3 X 10"4
l+o 5031 5.23 X 10"4
^5 5021+ 1+.12 X 10"4
50 5032 3.1+5 X 10"4
55 5022 2 .2 0 X 10"4
60 5033 2 . 5 I+ X 10"4
70 5037 3 .1 ^ X i c r 4
75 7006 5 .6 2 X ic r4
80 5035 3 .3 1 X i c r 4
90 5023 1-71 X i c r 4
110 5036 1 .6 6 X i c r 4
120 7007 1+.21+ X i c r 4
135 2061+ 2 . 1(6 X i c r 4
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F ig . 15. P ro to n , D euteron , T r i to n , H elium -3, and Alpha S p e c tra  
12C a t  35 D egrees.
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p a ra m e te r. The 100-p, d e te c to r  s to p p ed  b o th  t r i t o n  and helium -3  p a r t i ­
c le s  which had en e rg ie s  below ~ 5 .5 MeV and, s in c e  bo th  p a r t i c l e s  have 
th e  same m ass, i t  was n o t p o s s ib le  to  d is t in g u is h  between them in  th e  
t im e - o f - f l ig h t  d a ta .  I t  can a ls o  be observed  in  th e  t r i t o n  and 
h e liu m -3 d a ta  shown in  F ig .  15 th a t  th e  c ro ss  s e c tio n s  f o r  th e  p ro ­
d u c tio n  o f  th e s e  p a r t i c l e s  a re  n o t eq u a l nor is  th e  r a t i o  o f th e  c ro ss  
s e c t io n s  c o n s ta n t,  a  f a c t  which makes e x t r a c t io n  o f in d iv id u a l  s p e c t r a  
from  th e  combined tim e s p e c tr a  ambiguous. I t  was th e re fo re  d ec id ed  to  
p re s e n t  th e  m ass-3  d a ta  o n ly  down to  ~5-5  MeV. However, th e  combined 
m ass-3 c ro ss  s e c t io n s  between th e  en erg ies  of 2 and 5 MeV a re  l i s t e d  
in  Appendix B. A lthough th e  d a ta  was o b ta in ed  f o r  p ro d u c tio n  o f 
secondary  mass 6  and 7 p a r t i c l e s ,  t h i s  d a ta  was n o t ana lyzed  f o r  p r e ­
s e n ta t io n  in  th i s  work.
The fo llo w in g  summarizes th e  low energy  c u t-o f f s  fo r  th e  carbon
Combined Mass 3: 2 .0  to  5*0 MeV
The use  o f  hydrogenous p l a s t i c  ta r g e ts  f o r  carbon (CH and CHs ) 
n e c e s s i ta te d  th e  s u b tr a c t io n  from  th e  p ro to n  da ta , o f  th e  peak from  
p ro to n -p ro to n  s c a t te r in g  f o r  ang les  le s s  th an  90 d e g re e s . F or fo rw ard  
ang les th e  p -p  peak covered  p a r t  o r a l l  o f  some i n e l a s t i c  p ro to n  l e v e l  
from  13C and th e re fo re  some an g le  "gaps" a re  seen  in  th e  i n e l a s t i c  
d i f f e r e n t i a l  c ro ss  s e c t io n s .  At most a n g le s , however, th e  peak from
d a ta :
P ro to n s : 
D eu tero n s: 
T r i to n s :  
H elium -31s 
A lphas:
1 .2  MeV
1 .2  MeV 
5*5 MeV 
6 .0  MeV 
2 .5  MeV
9b
th e  hydrogen was q u ite  easy  to  s u b t r a c t  and l e f t  l i t t l e  am b ig u ity  in  
th e  shape of th e  spectrum  o r m agnitude o f th e  c ro ss  s e c t io n .  The 
re g io n  from  which th e  peak was s u b tr a c te d  is  shown as a  dashed l in e  
and la b e le d  on F ig .  15*
F ig u re  16 shows th e  p ro to n  s p e c t r a  from  13C a t  30 degrees and 35 
degrees f o r  th e  f i r s t  22 MeV o f  e x c i t a t io n .  I t  is  seen  th a t  th e  good 
r e s o lu t io n  o b ta in e d  has a llow ed  s e p a ra t io n  o f  many i n e l a s t i c  p eak s .
The le v e ls  observed  a re  in  good agreem ent w ith  known le v e ls  in  th e  
l 2 C nucleus and w ith  experim en ts perform ed a t  low er en e rg ie s  .48 The 
most prom inent peaks o b serv ed  a r e  from  e x c i ta t io n  o f  th e  w ell-know n 
4 .4 3 , 7 .6 6 , 9*76 MeV s t a t e s .  The peak observed  a t  ~10 .3  MeV o f ex ­
c i t a t i o n  is  to o  wide t o  have been  form ed by s c a t te r in g  by a  s in g le  
le v e l ;  however, th e  peaks w ith  Q v a lu es  - 1 1 .8 5 , -1 2 .8 , - I 5 . 2 5 , - 1 6 .2 5  
do appear to  be form ed by s c a t t e r in g  from  a  s in g le  l e v e l .  These le v e ls  
a re  n o t e x c ite d  s t r o n g ly  enough to  p e rm it e x t r a c t io n  o f c ro ss  s e c t io n s  
fo r  ang les  la r g e r  th a n  ~45 d e g re e s . The d i f f e r e n t i a l  c ro ss  s e c t io n s  
f o r  e l a s t i c a l l y  s c a t te r e d  p ro to n s  and f o r  p ro to n s  s c a t te r e d  by th e
4.*)-, 7 .6 , 9*6, 1 2 .8 , 15*2, and 1 6 .2 5  MeV le v e ls  a re  l i s t e d  in  Tables 
VI to  X. The d i f f e r e n t i a l  c ro ss  s e c t io n s  f o r  th e  e l a s t i c  s c a t t e r in g  
and f o r  s c a t t e r in g  from  th e  4 .4 ,  7 .6 , and 9 -6  MeV a re  shown p lo t t e d
in  F ig s .  17 and 18. F ig u re  17 shows th e  d i f f e r e n t i a l  c ro ss  s e c tio n s
in  th e  c e n te r  o f  th e  mass system  f o r  e l a s t i c  s c a t t e r in g  o f p ro to n s  
from l 3 C, 54F e, and 8° 9 B i. The e x p e rim en ta l d a ta  a re  shown as p o in ts
and th e  s o l id  curve is  a  f i t  t o  th e  d a ta  based  on th e  o p t i c a l  model and
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TABLE VI. TABULATED DIFFERENTIAL CROSS SECTIONS
l 3C (p ,p )13C 
E la s t i c  S c a t te r in g
_ , . , n , Cross S e c tio n  Cross S ec tio n  _Lab. Angle C.M. Angle / ,  , \ /_  . .  n E rro r
(deg) (deg) ( 0 $ ) ,  < * »
12 1 5 .0 7 708 598 5
15 1 6 .3 675 570 5
2 0 .8 2 2 .8 559 306 5
25 2 7 .2 156 155 5
50 3 2 .6 8 l . l t 7 0 .2 5
55 58 50.5 2 6 .3 5
40 45-5 8 .0 4 7 .0 5 5
45 W . 6 6 .2 6 5.55 5
55 59-2 3 .6 8 5 .5 4 :z s
60 64 .4 2 .2 8 2 .1 0 5
65 69.5 1 .1 7 1 .0 9 5
70 74.8 0.4575 0 .4 4 9 2 6
75 79-9 0 .3 4 9 8 0.5555 6
82 8 7 .1 0 .2 7 7 2 0 .2 7 1 6 5
90 95 .1 0 .1 8 0 0 .1 8 1 7
110 114 .8 o .o 4 i 0 .0 4 3 8 7
155 1 3 8 .6 0 .0 1 1 0 .0 1 3 6
160 1 6 1 .7 o .oo4 o.oo48 55
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TABLE VII. TABULATED DIFFERENTIAL CROSS SECTIONS
12c ( p ,p ') i2 c 





Cross S ec tion  
( l a b . ) 
(m b/sr)





12 1 5 .1 7 .6 2 6 . 1*0 5
15 l 6 . 1* 9 .9 ^ 8 .5 7 5
2 0 .8 2 2 .9 10 .55 8 .95 5
25 27.5 1 0 .6 0 9 .0 2 5
50 5 2 .7 11 .5 9 .6 9 5
55 5 8 .1 1 0 . 1*0 8 .9 9 5
t o 1*5.1* 5.72 l*.99 5
1*5 1*8 .8 5 .8 9 5 ^ 5 5
55 5 9 .^ 1.61* 1.1*9 5
6o 61*. 6 1 .1 0 1 .0 1 5
65 6 9 .8 0 .8 2 5 0 .7 7 5
70 75.0 0 . 1*18 0 .5 9 7
75 8 0 .1 0 .517 0 .5 0 6
82 87 .5 0 .1 6 0 .1 6 5
90 95-5 0 .0 5 8 0.055 9
110 115 0 .0 2 9 0.051 9
155 158 .7 0 .0 5 0 O .0 5 I* 5
160 1 6 1 .8 0 .0 2 0 0 . 021* ll*
98
TABLE V II I .  TABULATED DIFFERENTIAL CROSS SECTIONS
13c (p , p ' ) 13c
Q = -7 .6 6  MeV
. . Cross S e c tio n  Cross S e c tio n  _Lab. Angle C.M. Angle / .  . v /_  \ E rro r
(deg) (deg) (± 5 1)'  '  (m b/sr) (m b /sr) v 1 '
12 1 5 .1 0 .6 7 7 0 .5 6 6 10
15 1 6 .4 0 .277 0 .2 3 2 5
25 27 .5 0 .8 2 0 .6 9 6 10
50 5 2 .8 0 .8 3 0 .7 0 8 6
55 5 8 .2 0 .9 1 0 .7 8 5 5
4o 43-5 0 .5 4 0 .475 6
45 46.8 0 .3 8 0.355 5
55 59-5 0 .1 9 0 .1 6 8 9
6o 64.8 0 .1 2 0 .1 0 6 6
65 7 0 .0 0 .6 8 0 .0 7 3 8 12
70 75 .1 0 .0 3 8 0 .0 3 4 3 19
75 8 0 .3 0 .0 2 0 .0 1 9 0 15
82 8 7 .4 0 .0 1 5 0 .0 1 4 7 7
90 95 .5 0 .0 0 7 3 0 .0 0 7 1 50
110 1 1 5 .1 0 .0 0 8 5 0 .0 0 9 0 9 15
155 1 3 8 .8 0 .0 0 4 5 0 .0 0 5 2 7
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TABLE IX. TABULATED DIFFERENTIAL CROSS SECTIONS
13c ( p , p ' ) 12c 





C ross S ec tio n  
( l a b . )
(mb'/ s r )
Cross S e c tio n  
(C .M .) ' 
(m b/sr)
E r ro r
( ± * )
12 1 3 .2 0 .7 5 O.6 3 10
15 1 6 .5 0 .9 0 0 .7 5 8
2 0 .8 2 3 .0 1 . 081* 0 .9 1 12
30 3 2 .8 2 . 1*0 2 . 0 l* 1*
35 3 8 .2 2 .9 1 2. 50 1*
1*0 1*3 .6 2 .1 8 I .8 9 5
1*5 1*8 .9 1 .9 9 1 .7 5 1+
55 59-6 1 . 01* 0 . 9 ^ 5
60 61*. 8 0 .7 k 0 .6 8 1*
65 7 0 .1 0 .5 9 0 .55 6
TO 75.2 0 .3 5 0 .33 8
75 8 0 . 1* 0 .2 9 0 .2 8 6
82 87.5 ■0 .1 7 0 .1 6 6 5
90 95 .6 0 .0 7 7 0 .0 7 7 9
110 1 1 5 .2 O.Oll* 0 .0 1 5 12
135 138.9 0 .0 0 8 6 0 .0 1 0 6
160 1 6 1 .9 0 . 0101* 0 .0 1 3 20
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TABLE X. TABULATED DIFFERENTIAL CROSS SECTIONS
12c ( p , p ' ) 13c 
Q = -1 2 .7  MeV
T , A n  Cross S e c tio n  Cross S e c tio n  „Lab. Angle C.M. Angle /•, -U \ t n »  \ E r ro r
(deg) (deg) £ £ > ,  ( * < )
12 1 5 .2 0 .5 5 0 .2 9 ll*
15 1 6 .5 0 .5 6 0 .50 12
25 27 .5 0 .5 5 0 .2 8 18
50 52 .9 0 .55 0 .2 8 10
55 58 .5 0 .2 1 0 .1 8 10
1*0 ^ 5 .7 0 .25 0 .2 0 15
1*5 1*9.1 0 .1 6 O.ll* 7
55 59 .7 0 .1 5 0 .1 2 11
Q = -1 5 .2  MeV
12 1 5 .2 1 .1 6 O.9 6  • 8
15 1 6 .5 O.9 8 0 .8 1 7
2 0 .8 2 5 .1 0 .6 8 0 .57 15
25 27 .5 O.6 9 O.5 8 11
50 5 5 .0 O.5 6 0 . 1*7 10
55 5 8 . 1* 0 .55 0 .2 8 8
1*0 1*5 .8 0 .2 9 . 0 .2 5 l l
1*5 1*9.2 0 .0 9 0 .0 8 10
Q = - l 6 . 2 MeV
15 1 6 .6 0 . 1*0 0 .5 5 12
25 27 .5 0 .25 0 .1 9 25
50 5 5 .0 0 .2 9 0 . 21* 12
55 58 .5 0 .2 9 0 .2 5 7
1*0 ^ 5 .9 0 .1 8 0 .1 6 17
^5 1*9 .2 0 .1 0 0 .0 9 10
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F ig . 17. E l a s t i c  S c a t te r in g  o f  62-MeV P ro to n s  from  l 2 C, B4:Fe and 
309Bi Compared to  O p tic a l  Model C a lc u la t io n s .
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F ig . 18. D i f f e r e n t i a l  Cross S e c tio n s  f o r  th e  4 .4 - ,  J . 6 - ,  and 
9 .6 -MeV Levels in  l 2 C.
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w i l l  be d isc u sse d  in  C hapter V. I f  no e r r o r  bars a re  shown f o r  a p o in t  
on th e  d i f f e r e n t i a l  c ro s s - s e c t io n  cu rv es, th e  e r ro r  is  le s s  th a n  th e  
s i z e  of th e  p o in t  shown.
The shape o f th e  d i f f e r e n t i a l  c ro s s -s e c t io n s  fo r  th e  e l a s t i c  and 
i n e l a s t i c  p ro to n s  s c a t te r e d  from  carbon ag ree  w e ll w ith  d a ta  o b ta in e d  
a t  4o , 49 50 , 4 and 55BO MeV. I t  sh o u ld  be p o in te d  o u t t h a t  th e  minimum 
in  th e  d i f f e r e n t i a l  c r o s s - s e c t io n  curve f o r  th e  -7-7-MeV le v e l  is  r e a l  
and su p p o rte d  by th e  re fe re n c e s  l i s t e d  above; however, th e  e r ro r s  
shown f o r  t h i s  p o in t  on P ig .  18 a re  too  sm a ll (see  Table V I I I ) .
The le v e ls  observed  w ith  Q v a lu es  o f ~20 MeV l i e  w ith in  th e  d ip o le  
reso n an ce  re g io n  o f  1 3 C. P ro to n  e x c i ta t io n  o f th e  d ip o le  reso n an ce  
in  carbon  has been observed  p re v io u s ly ;13 however, th e  p o o re r  energy  
r e s o lu t io n  o f th e se  experim ents showed th e  re g io n  to  be a  b road  peak 
o f a  few MeV w id th . The d a ta  ta k e n  in  th i s  experim ent show th a t  th e  
re g io n  i s  composed o f s e v e r a l  le v e ls  e x c ite d  by th e  in c id e n t  p r o to n s . 
Levels which a re  c o n s is te n t ly  observed  have Q values o f - 1 8 .7 , -19*8, 
-2 1 .0 , and -2 2 .2  MeV. The shape and th e  w id th  of th e  p eak s , how ever, 
seem to  im ply th a t  each peak may be formed by s c a t te r in g  from more 
th a n  one le v e l  in  th e  1SC n u c le u s .
F ig u re  19  shows th e  upper ~11 MeV of e x c i ta t io n  f o r  th e  d eu te ro n  
spectrum  o b ta in e d  a t  35 d e g re e s . S ix  prom inent peaks a re  ob serv ed  w ith  
Q, v a lu es  o f - 1 6 .7 , - 1 8 .7 . - 2 1 . 1 , - 2 1 .6 , - 2 3 -3 ; - 2 3 «7 > an<̂ > a lth o u g h  
th e  s t a t i s t i c s  a re  poo r, th re e  o th e r  le v e ls  w ith  Q v a lu es  o f 2 4 .3 ,
24*9, and 2 5 .2  (n o t la b e le d  on F ig .  1 7 ) appear c o n s is te n t ly  in  th e
49M. P . F r ic k e  and G. R. S a tc h le r ,  P h y s . Rev. 139. B567 (19^5)•
50H. T ak e tan i e t  a l . ,  "N um erical D i f f e r e n t i a l  Cross S ec tio n s  o f 
Some R eactio n s on Induced  by  54 .9  MeV P ro to n s" , I n s t ,  f o r  N u clear 
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F ig .  19. High Energy D euteron , T r i to n ,  Helium-3 and Alpha S p e c tra
from  12C a t  35 D eg rees.
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d a ta .  The peaks o b se rv ed  co rrespond  to  11C s t a t e s  w ith  approxim ate 
e x c i ta t io n  o f  0 .0 ,  2 .0 ,  4 .4 , 4 .9 ,  6 .6 , 7 . 0 , 7 -6 , 7 -9 , 8 .5  MeV. The 
d i f f e r e n t i a l  c ro ss  s e c t io n  f o r  th e  ground s t a t e  t r a n s i t i o n  and th e  
f i r s t  th r e e  e x c i te d  s t a t e s  in  11C a re  g iv en  in  T ables XI and X II and 
p lo ts  o f  th e  d i f f e r e n t i a l  c ro ss  s e c tio n s  a re  shown in  F ig .  20 . The 
s t a t i s t i c s  f o r  th e  6 .6  and 7 -0  MeV le v e ls  f o r  ang les  l a r g e r  th a n  45 
degrees w ere too  poor to  p e rm it c r o s s - s e c t io n  e x t r a c t io n  and th e  
s t a t i s t i c s  in  th e  h ig h e r  e x c i ta t io n  le v e ls  would o n ly  p e rm it c ro s s -  
s e c t io n  com putation  f o r  a  few a n g le s , and th e r e fo r e  th e s e  c ro ss  
s e c t io n s  a re  no t l i s t e d  in  t h i s  work.
The le v e ls  ob serv ed  in  th e  d eu te ro n  s p e c t r a  ag ree  w e ll  w ith  th o se  
o bserved  a t  55 MeV; 50 however, th e  6 .6 - and 7.0-MeV s t a t e s  a re  re so lv e d  
in  th e  d a ta  shown on F ig .  19, w h ile  th e  above r e fe re n c e  d id  n o t r e s o lv e  
th e  p eak s . Data ta k e n  w ith  p o o re r r e s o lu t io n  a t  100 MeV61 shows 
a p p a re n tly  no e x c i t a t io n  o f th e  6 .6 - and 4.9-MeV le v e l s ;  how ever, t h i s  
may be h a rd  to  d e te rm in e  w ith  t h e . r e s o lu t io n  a t t a in e d  in  th e  e x p e r i ­
m ent. The c h a ra c te r  o f  th e  an g u la r d i s t r i b u t i o n  f o r  th e  le v e ls  
o b ta in e d  a t  55 and 100 MeV ag ree  w e ll  w ith  th o se  shown in  F ig .  20.
The le v e ls  o b serv ed  in  th e  1 3 c ( p , t ) 10C r e a c t io n  a re  shown in  
F ig .  19 a t  35 d e g re e s . One observes th re e  prom inent peaks w ith  Q 
v a lu es  o f -2 3 -7 , - 2 7 .1 , and -2 9 -0  MeV w hich co rresp o n d  to  known le v e ls  
in  10C of 0 .0 , 3*4, and 5 .3  MeV. The 5-3-MeV le v e l  i s  se en  in  F ig .  19 
to  have a low energy  sh o u ld e r  which in d ic a te s  t h a t  th e  peak i s  composed 
o f  s c a t t e r in g  from  more th an  one u n reso lv ed  l e v e l .  This s h o u ld e r  i s
51 J .  K. P . Lee e t  a l . ,  N uclear Phys . A106, 357 ( 1 9 8 7 )-
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TABLE XI. TABULATED DIFFERENTIAL CROSS SECTIONS
l s c(p ,a)i:Lc
Q = - 1 6 .7  MeV 





Cross S e c tio n  
( l a b . )  
(m b /sr)
Cross S ec tio n  
(C.M.) 
(m b/sr)
E rro : 
(± 1o)
12 1 3 .8 1 6 .8 6 12.76 * .5
15 17 .3 1 6 .1 7 1 2 .2 8 4
2 0 .8 2 4 .2 8 .7 5 6 .7 1 4 .5
25 2 8 .7 5 .2 1 4.03 6
30 3 4 .4 4 .73 3.70 4
35 40 .0 4 .5 4 3.60 4
4o 4 5 .6 2 .7 5 2 .2 1 5
45 5 1 -2 2 .0 6 I .6 9 4
55 6 2 .2 1 . 24 1 .0 6 5
60 6 7 .6 0 .9 2 0 .8 0 4
65 73 .0 0 .7 4 0 .6 6 5
70 7 8 .2 0 .4 2 0 .3 8 7
75 83 .5 0 .2 6 0 .2 4 6
82 90 .7 0 .1 4 o . l4 5
90 9 8 .8 0 .1 1 8 0 .1 3 8
110 1 1 8 .2 0 .0 5 5 0 .0 6 2 8
135 141 .2 0 .0 1 1 0.014 7
160 163 0 .0 1 6 0 .0 2 2 17
Q = -1 8 .7  MeV 
(2-MeV S ta te )
12 1 3 .9 3 .1 4 2 .3 6 6
15 17 .3 3 .0 1 2 .2 7 5 .5
2 0 .8 24 .2 1 .4 7 1 .1 2 8
25 2 8 .8 1 .0 1 0 .7 8 8
30 34 .5 0 .8 5 0 .6 6 6
35 40 .2 0 .6 4 0 .5 0 6
40 45 .8 0 .2 8 0 .2 2 8 .5
45 51 .4 0 .2 5 0 .2 0 6
55 6 2 .4 0 .1 9 0 .1 6 8 .5
60 6 7 .8 0 .1 6 o . l4 6
65 7 3 .2 0 .0 8 2 0 .0 7 3 11
70 7 8 .5 0 .0 3 2 0 .0 2 9 18
75 8 3 .7 0 .0 1 8 0 .0 1 7 15
82 9 0 .9 0 .0 2 0 0 .0 1 9 7
90 99 .0 0 .0 1 4 o .o i4 20
110 118 .4 0 .0 0 9 4 0 .0 1 1 13
135 1 4 1 .3 0 .0 0 2 0 .0 0 2 5 10
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TABLE X II. TABULATED DIFFERENTIAL CROSS SECTIONS
l 2 C (p ,d )11C 
Q = -2 1 .1  MeV 





C ross S e c tio n  
( l a b . ) 
(m b /sr)
Cross S ec tio n  
(C.M.) 
(m b/sr)
E r ro r
( ± * )
12 13-9 0 .2 4 0 .1 8 13
15 17 .4 0 .3 3 0.25 8
25 2 8 .9 0 .4 1 0 .3 1 11
30 3 4 .6 0 .4 5 0 .35 7
35 40.3 0 .4 8 O.3 8  • 6 .5
40 46.0 0 .2 8 0 .2 2 11
45 5 1 .6 0 .2 9 0.23 6
55 6 2 .6 o . i4 0 .1 2 10
65 73-4 0 .0 8 8 0 .0 7 8 l l
75 84.0 0 .0 3 4 0 .0 3 2 l l
82 9 1 .2 0 .0 3 3 0 .0 3 2 6
110 1 1 8 .7 0 .0 1 9 0 .0 2 2 11
135 l 4 l .  5 0 .0 0 7 9 0.0103 6
Q = -2 1 . 6  MeV 
( 4 .9 -MeV S ta te )
12 13 .9 r .8 1 1.35 7
15 1 7 .4 1 .7 9 1.34 6
25 2 9 .O 0 .7 3 0 .5 6 8 .5
30 34.7 0 .6 5 0 .5 0 6 .5
35 4o.4 0 .5 7 0 .4 5 6
4o 46.0 0 .2 5 0 .2 0 11
45 5 1 .6 -0 .1 9 0 .1 5 6
55 6 2 .7 0 .1 0 o.o84 11
65 73.5 0 .0 8 6 0 .0 7 6 11
75 84.0 0 .0 2 9 0 .0 2 7 12
82 9 1 .2 0 .0 2 0 0 .0 1 9 6 .5
110 1 1 8 .7 0 .0 1 0 .1 1 10
135 l 4 l .  6 0 .0 0 5 2 0 .0 0 6 7 6
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o b serv ed  a t  o th e r  an g les  and g ives th e  peak  a  d ec id e d ly  d i f f e r e n t  
shape th a n  th o se  form ed by s c a t t e r in g  to  th e  s in g le  le v e ls  a t  0 .0  and 
3 A  MeV.
D ata o b ta in ed  on th e  12C ( p , t ) 10C r e a c t io n s  w ith  ~^3-MeV in c id e n t 
p ro to n s52 has shown th e  p resen ce  o f  a  10.7-MeV s t a t e  in  10C, w ith  a  
m agnitude com parable to  t h a t  o f  th e  5 .3 -MeV s t a t e  a t  some a n g le s .
W ith in  th e  s t a t i s t i c s  o f th e  experim en t r e p o r te d  h e re , th i s  le v e l  was 
n o t see n  to  be e x c i te d .  The shape o f  th e  a n g u la r  d i s t r ib u t io n  o b ta in ed  
a t  ^3 MeV f o r  th e  ground s t a t e  and th e  3 • ̂ -MeV le v e l  ag ree  w e ll  w ith  
th o se  o b ta in e d  a t  60  MeV.
The d i f f e r e n t i a l  c r o s s - s e c t io n  d a ta  f o r  th e  ground s t a t e 'a n d  3*^- 
MeV t r a n s i t i o n s  a re  l i s t e d  in  T able X III  and a re  p lo t t e d  in  F ig . 21.
No d i f f e r e n t i a l  c ro ss  s e c t io n  is  p re se n te d  f o r  th e  5*3-MeV le v e l .
Four le v e ls  a re  c l e a r ly  observed  in  th e  1 2C(p,3 He)^°B r e a c t io n ,  
an example o f  w hich is  seen  in  F ig .  19 f o r  th e  s c a t te r in g  ang le  of 
35 d e g re e s . The Q v a lu es  o f th e se  le v e ls  a re  -19»9> -2 0 .6 , -2 1 .7 ,
-2 2 .1  MeV, which co rresp o n d  to  e x c i ta t io n s  in  th e  10B nucleus o f 0 .0 , 
0.7> 1 .8 , and 2 .2  MeV, r e s p e c t iv e ly .
Only th e  d i f f e r e n t i a l  c ro ss  s e c t io n s  f o r  th e  ground s t a t e  r e a c t io n  
a re  shown in  th is  w ork. The th ic k n e ss  o f  th e  CH ta r g e t  used  f o r  th e  
15 - ;  8 0 - ,  and 8 2 -d e g ree  runs caused  c o n s id e ra b le  broadening  o f
th e  h e liu m -3  p eak s , which p re v en te d  s e p a ra t io n  o f th e  c lo s e - ly in g  
s t a t e s ,  so  th e se  an g les  have been o m itted  from  th e  l i s t s  o f d i f f e r e n ­
t i a l  c ro ss  s e c t io n s  which a re  shown in  T able  XIV.
5 2D. J .  Baugh e t  a l . ,  N uclear Phys . A99, 203 (1967)*
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TABLE X III . TABULATED DIFFERENTIAL CROSS SECTIONS
12c (p ,t )10c 
Q = -2 3 -7  MeV 





Cross S ec tio n  
( l a b . ) 
(m b/sr)




( ± * )
12 11+.6 1 .0 7 0 .73 7
15 1 8 .2 0 . 1+8 0.33 7
2 0 .8 25.1+ 0 .2 8 0 .2 0 12
25 3 0 .2 0.1+3 0 .3 0 10
30 3 6 .2 0 . 1+1 0 .2 9 7
35 1+2 .1 0 .2 6 0 .1 9 7
1+0 V7.9 0 .0 5 2 0.039 18
1+5 53-7 0 .0 2 8 0 .0 2 1 11
55 6 5 .1 0 .0 6 6 0.053 13
60 7 0 .1 0 .0 5 2 0.01+3 7
65 7 6 .2 0 .0 3 9 0.033 16
70 8 1 .6 0 .0 1 6 0.011+ 30
75 8 6 .9 0 . 0051+ 0.001+9 25
82 9^. 2 0 .0 0 2 9 0 .0 0 2 8 11
90 102 .3 0.001+ o.ooi+i 30
110 121 .5 0 .0 0 1 7 0.0020 30
135 11+3.6 0 .0 0 0 6
Q = - 2 7 .1  MeV 
(3.5-MeV S ta te )
o.oo8i+ 12
12 11+.7 O.3 6 0 .2 5 11
15 1 8 . 1+ 0.1+8 0 .3 3 7
20.8 2 5 .7 0 .3 7 0 .2 6 11
25 30 .5 0 .1 7 0.12 15
30 3 6 .5 0.12 0 .0 8 6 11
35 1+2.1+ 0.10 0.073 9
1+0 1+8.3 0.118 0 .0 8 8 li+
^5 51+.2 0.12 0 .0 9 1 7
55 6 5 .6 0.01+8 0.039 15
60 7 1 .3 0 .025 0.021 7 .5
65 7 6 .8 0.012 0.010 29
70 8 2 .2 0 .0 1 6 0.011+ 30
75 8 7 .6 0.011 0.010 25
82 9 M 0 .0 0 0 8 0 .0 0 6 6 7
90 1 0 3 .0 0.0059 0 .0 0 6 0 27
110 1 2 2 .2 0.0023 0 .0 0 2 7 27
135 1 I+1+.1 0.001 0.0011+ 10
I l l
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The r e s o lu t io n  o f peaks observed  in  th e  a lp h a  p a r t i c l e  spectrum  is  
b roadened  by  the  t a r g e t  th ic k n e ss  a l s o .  Two le v e ls  a re  observed  i n  the
a lp h a  s p e c t r a  w ith  Q v alu es o f - 7 .8  MeV (Ground s t a t e )  a n d  10 MeV
(3-2-MeV s t a t e ) .  I t  i s  seen  in  F ig .  19 th a t  th e  cross s e c t io n s  f o r  the  
r e a c t io n  le a d in g  to  th e s e  peaks a re  sm a ll and f o r  th is  re a so n  s t a t i s ­
t i c s  a llo w ed  th e  e x tr a c t io n  of o n ly  th e  ground s t a t e  c ro ss  s e c t io n  a t  
a  few a n g le s .  These a re  shown in  T able XTV.
The c ro ss  s e c t io n s ,  averaged  over 1-MeV-wide energy b in s ,  f o r  th e  
p ro to n  ( n o n e la s t ic ) ,  d eu te ro n , t r i t o n ,  he lium -3 , and a lp h a  s p e c t r a  a re  
l i s t e d  in  Appendix A in  Tables AI to  AV. The e r ro rs  l i s t e d  a re  b ased  
on th e  coun ting  s t a t i s t i c s  w ith in  each  1-MeV b in  and sh o u ld  be ■used 
w ith  th e  sy s te m a tic  e r ro r s  d isc u s se d  e a r l i e r .  The cross  s e c tio n s  f o r  
th e  p ro to n s ,  d e u te ro n s , h e liu m -3 ' s ,  and alphas analyzed  in  th e  tim e- 
o f - f l i g h t  system  a re  l i s t e d  in  Appendix B, Table A I. T his d a ta  is  
av erag ed  in  1-MeV-wide b ins .
The p ro to n  and d eu te ro n  s p e c t r a  e x h ib i t  a t  a l l  ang les a  sm a ll low 
en erg y  peak lo c a te d  n e a r  th e  Coulomb b a r r i e r  which is  ~2  MeV f o r  th e  
p ro to n s .  The a lp h a  s p e c t r a  c o n s is te n t ly  show a v e ry  r a p id ly  in c r e a s ­
ing  m agnitude a t  low e n e rg ie s .  I t  was expected  th a t  th e  a lp h a  d i s t r i ­
b u tio n  would peak a t  low e n e rg ie s  and th e  a lp h a  spectrum  seen  in  F ig .
15 does show th i s  tendency; however, th e  t a r g e t  th ic k n e ss  re q u ire d  
th e  en erg y  s p e c t r a  to  be c u t o f f  b e fo re  a peak could  be observed .
The m agnitude o f th e  low energy  c ro ss  s e c t io n  fo r  th e  a lp h a  s p e c t r a  
was found  t o  be much la r g e r  th a n  th e  c ro ss  s e c t io n  fo r  even th e  h ig h e s t  
energy  re g io n  o f th e  spectrum .
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TABLE XIV. TABULATED DIFFERENTIAL CROSS SECTIONS
13C (p ,3He)10B 
Q = -2 0 .0  MeV 
(Ground S ta te )
T v. n n »/r a n Cross S e c tio n  Cross S ec tio n  „Lab. Angle C.M. Angle , \ \ E rro r
12 1 4 .4 1 .05 0.730 7
25 29-9 0.33 0.240 11
30 3 5 .8 0 .42 0 .3 1 7
35 Ul. 7 0 .2 6 0 .1 9 7
55 6U. 6 O.0 6 9 0 .0 5 6 13
TO 8 1 .0 0 .0 6 0 0.053 21
75 8 6 .3 0 .03 0 .0 2 8 11
90 1 0 1 .7 0 .0 1
12C(p,CC)9B 
Q = -7 . 8  MeV 
(Ground S ta te )
0 .0 1 0 21
12 Ilf. 6 0 .5 7 0 .3 9 10
15 1 8 .2 0 .3 7 0 .25 9
25 3 0 .2 0 .1 6 0 .1 1 15
30 3 6 .1 0 .1 8 0 .1 3 10
35 42 .1 0 .094 0 .0 6 8 9
4-5 53 .7 0 .0 1 9 0 .0 1 5 10
6o 70 .7 0 .0 2 6 0 .0 2 2 8
I l k
The re g io n  o f each  spectrum  below  th e  d i s c r e te  peaks has been 
t e s t e d  f o r  s t r u c tu r e  by  s t a t i s t i c a l  t e s t s .  W ith in  th e  r e s o lu t io n  o f 
th i s  experim ent no s t r u c tu r e  was o b se rv ed  in  any energy  re g io n  o f  th e  
s p e c t r a  below i n e l a s t i c  l e v e l s .
F ig u re  15 shows a  s tro n g  s i m i l a r i t y  betw een th e  shapes o f th e  
v a rio u s  s p e c tr a  in  th e  en erg y  reg io n s  below th e  i n e l a s t i c  l e v e l s .  The 
s im i l a r i t y  between th e  s p e c t r a  is  c o n s is te n t  over a l l  an g les  o f  o b se rv ­
a t io n  and f o r  o th e r  t a r g e t s .
The p ro to n  s p e c t r a  o b ta in e d  from  12C a t  s e v e r a l  an g les  a re  shown 
in  F ig .  22. The d i s c r e te  peaks a t  th e  h ig h  en erg y  end o f th e  s p e c t r a  
have been removed by draw ing a  smooth continuum  b en e a th  th e  l e v e l s .
The rem ainder o f th e  smooth curves were drawn th ro u g h  th e  c e n te r  p o in ts  
o f  th e  h isto g ram  p lo t s ,  as seen  in  F ig .  1 5 . The h is to g ra m , p lo t t e d  
w ith  th e  ex p erim en ta l c u rv e s , is  a  c a lc u la t io n  o f th e  spectrum  and 
w i l l  be d iscu sse d  in  th e  n e x t C hap ter.
The p ro to n  s p e c tra  a t  a l l  an g les  l a r g e r  th a n  30 degrees a re  smooth
and s t r u c tu r e le s s  and r a th e r  f l a t  betw een th e  an g les  o f 30  and 60  
d e g re e s . I t  i s  e v id e n t from  th e  d a ta  in  F ig .  22 t h a t  no q u a s i - e l a s t i c  
peak is  observed  in  th e  d a ta .  The p ro to n  s p e c t r a  f o r  ang les  sm a lle r  
th a n  30  degrees do show a peak  a t  h ig h  e n e rg ie s ,  however th e  lo c a t io n  
o f  th e  peak does no t co rresp o n d  to  th e  ex p ec ted  lo c a t io n  o f a  q u a s i­
e l a s t i c  peak . The absence o f a q u a s i - e l a s t i c  peak in  th e  d a ta  is  con­
s i s t e n t  w ith  r e s u l t s  r e p o r te d  w ith  100- and 55-MeV in c id e n t  p ro to n s  as
d isc u sse d  in  C hapter I .
There a re  s e v e ra l  tre n d s  in  th e  d a ta  which a re  observed  in  F ig .  22. 
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spectrum  and th e  m agnitude o f  th e  peak is  seen  to  decrease  by ap p ro x i­
m a te ly  a  f a c to r  o f 2  to  3 from  20  to  l 6o d e g re e s .
The c ro ss  s e c t io n  f o r  th e  h ig h e r  en erg y  reg io n s  o f th e  p ro to n  
s p e c t r a  a re  seen  to  f a l l  o f f  much more r a p id ly  w ith  in c re a s in g  an g le  
and f o r  th e  h ig h e s t  e n e rg ie s  th e  c ro ss  s e c t io n  goes to  zero  fo r  ang les 
g r e a te r  th a n  ~ 1 0 0  d e g re e s .
Nonaka e t  a l .13 have observed  th e  seco n d ary  p ro to n  spectrum  from  
13C produced  by 55-MeV in c id e n t  p ro to n s .  The d a ta  in  re fe re n c e  12 are 
~ ^ 0$ h ig h e r  th a n  th e  p re s e n t  d a ta  a t  15 d eg rees; however, a t  o th e r  
ang les  (30 , 60, 90, 120 d eg rees) th e  55-MeV d a ta  a re  on ly  15 to  20$ 
h ig h e r .  No e r ro r s  a re  quoted in  th e  e a r l i e r  work and th e  d a ta  p o in ts  
were re a d  from  sm a ll p u b lish e d  g ra p h s . The au th o rs  o f th e  55-MeV paper 
acknowledge t h a t  t h e i r  e x p e rim en ta l e r ro r s  were l a r g e s t  a t  th e  s m a lle s t  
an g le  (1 5  d e g re e s ) ;  however no m agnitude is  quo ted .
F ig u re  23 shows th e  b e h av io r  o f  th e  c ro ss  s e c t io n  w ith  in c re a s in g  
a n g le  f o r  th re e  energy  reg io n s  o f th e  p ro to n  s p e c tra  from carbon. The 
re g io n  betw een 28 to  30 MeV was p ic k e d  to  be j u s t  below th e  re g io n  of 
d i s c r e te  le v e ls  f o r  a l l  an g les  o f o b s e rv a tio n . I t  is  seen  th a t  th e  
c ro ss  s e c t io n  in  each energy  re g io n  is  peaked in  th e  forw ard d i r e c t io n  
and approaches a c o n s ta n t v a lu e  f o r  ang les la r g e r  th an  ~100  d e g re e s .
The d ec re a se  in  c ro ss  s e c tio n s  is  s e e n  to  be l a r g e s t  f o r  th e  h ig h e s t  
en erg y  " s l i c e ” (~20  to  l )  and s m a l le s t  f o r  th e  low energy d i s t r ib u t io n  
(~3 to  l ) .  F o r ang les  l a r g e r  th a n  120 degrees th e  cross s e c t io n  in  the 
low energy  re g io n  com prises most o f  th e  t o t a l  c ross s e c t io n .  The tre n d  
o f  v a rio u s  energy  reg io n s  o f  th e  o th e r  charged  p a r t i c l e  s p e c tra  is  
s im i la r  to  t h a t  f o r  p r o to n s .
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The energy  In te g ra te d  d i f f e r e n t i a l  c ro ss  s e c t io n s  f o r  p ro d u c tio n  o f 
p ro to n s , d e u te ro n s , t r i t o n s ,  h e liu m -3 *s, and a lp h as from  13C a re  l i s t e d  
in  Table XV and P ig . 2b shows a p lo t  o f  th e s e  c ro ss  s e c t io n s  v ersu s  
la b o ra to ry  a n g le . I t  is  se e n  t h a t  th e  shapes o f  th e  d i f f e r e n t i a l  c ro s s -  
s e c t io n  curve f o r  each p a r t i c l e  ty p e  a re  v e ry  s im i l a r .  The curves a re  
s t r o n g ly  fo rw ard  peaked in  a l l  cases and th e  c ro ss  s e c t io n  approaches 
a  c o n s ta n t v a lu e  f o r  ang les g r e a te r  th a n  ~110 d e g re e s . I t  sh o u ld  be 
n o ted  th a t  th e  observed  drop in  c ro ss  s e c t io n  a t  15 degrees i s  a  "real** 
d e c re a se .
The ang le  in te g ra te d  c ro ss  s e c t io n s  f o r  th e  charged  p a r t i c l e s  from  
l 3 C a re  l i s t e d  in  Table XVI, and th e  t o t a l  p ro d u c tio n  c ro ss  s e c t io n  in  
m il l ib a rn s  ( in t e g r a l  over an g le  and energy ) f o r  each p a r t i c l e  is  l i s t e d  
i n  T able XVII. I t  is  observed  t h a t  th e  c ro ss  s e c t io n  f o r  a lp h a - p a r t i c le  
p ro d u c tio n  is  tw ice  as la rg e  as t h a t  f o r  d eu te ro n s  and o n ly  o n e -h a lf  
as la rg e  as th e  p ro to n  p ro d u c tio n . The la rg e  c ro ss  s e c t io n  is  produced 
m o stly  by th e  la rg e  and n e a r ly  i s o t r o p ic  low energy  d i s t r i b u t i o n ,  w h ile  
a  la rg e  p a r t  o f  th e  p ro to n  and d eu te ro n  c ro ss  s e c t io n  is  p ro v id e d  by 
h ig h  energy  secondary  p a r t i c l e s .
J .  54Pe D ata
Most o f th e  d a ta  tak en  from  64Fe was o b ta in e d  in  th e  4000 and 5000 
s e r i e s  o f runs and, f o r  t h i s  re a so n , t im e - o f - f l i g h t  d a ta  was o b ta in ed  
f o r  o n ly  a few ang les  . The need f o r  t i m e - o f - f l i g h t  in fo rm a tio n  f o r  th e  
i ro n  d a ta  was sm a lle r  th an  th e  need f o r  th e  carbon  s in c e  th e  p h y s ic a l  
energy  c u t - o f f  o f  p a r t i c l e  em iss io n  from  iro n  is  h ig h e r  th a n  t h a t  from 
carb o n . Only f o r  th e  case o f  seco n d ary  a lp h a  p a r t i c l e s  from iro n  is  
th e  m a jo r i ty  o f c ro ss  s e c t io n  d e te c te d  in  th e  t im e - o f - f l ig h t  sy stem .
TABLE XV




T o ta l Cross S ec tio n s  (m b /sr)
P ro to n
E > 1 .2  MeV 
P
(n o n e la s t ic )
D euteron 
Ed > 1 .2  MeV
T r ito n  
Et  > 5-5 MeV
H elium -3
TSq „  > 6  MeV He
Alpha 
Ea  > 2 .5  MeV
15 111.9 3^-5 1+-3
2 0 .8 11+7-9 21+.8 1+.0 7 -1 1+3-8
30 95-3 1 9 .2 3-2 1+.9 35-2
35 8 2 .9 17-7 2 .8 1+-3 33-0
1*0 6 2 .5 1 2 .5 2 .2 3.1+ 29-5
1+-5 1+7-7 10.1 1.6
50 1+1.7 7 .7 1-3 2 .3 2 2 .9
6o 30-5 6.2 0 .8 3
70 2 3 .8 1+.7 0-55 1.1+ 13-1+
90 1 7 .O 2 .9 0 .2 9 0 .8 3 8.0
110 11.1+ 1 .7 0 .1 5
135 0.11+ 0.1+8 1+-5
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TABLE XVI




Proton Deuteron Triton Hellua-3 Alpha
1.5 IB. 25 3 . 5l 0 0 0
2.5 19.58 3.62 0 0 26.21
3.6 22.31 3.13 0 0 2U.01*
lt.6 17.01 3 .7^ 0 0 20.22
5.7 1U.07 2.77 0.67 0 16.82
6.7 13.19 2 . 1*3 0.62 0 1U.66
7.8 11.70 2.20 0.53 1.73 11.81*
8.8 IO.69 1.90 0.1*6 1.60 10.19
9.9 7.20 1.78 0.1*1 1.1*1* 8.32
10.9 6.83 1.76 0.35 1.23 6.87
12.0 6 .7 I 1.56 0.32 1.13 5.91
13.1 6.38 1.33 0.31 0.71* i*.6l
lU .l 6.18 1.19 0.27 0.62 3.38
15.2 6.25 1.13 0.22 0.57 2.79
16.2 5.90 1.08 0.20 0.51* 2.1*1*
17-3 5.87 1.02 0.18 0.1*1 2.06
18.3 5.68 1.07 0.17 0.38 1.76
19.lt 5.11 0.95 0.16 0.32 1.1*2
20.lt 5.58 0.91 0.16 0.31* 1.25
21.5 5-30 0.95 0.15 0.27 1.07
22.5 5.18 O.90 0.13 0.21* 0.88
23.6 5-05 0.8? 0.15 0.22 0.75
21.7 li.95 0.81 0.15 0.18 0.65
25.7 lt.76 0.88 0.11* 0.22 0.5I*
26.8 1.61 0.72 0.13 0.22 0.1*7
27.8 1.72 0.75 0.10 0.15 0.1*1
28.9 1.63 0.7B O.ll* . 0.11* 0.31
29.9 1.12 0.72 O.lU 0.17 0.26
31.0 1.17 O.69 0.11 0.21* 0.22
32.0 1.36 O.65 0.10 0.20 0.16
33.1 1.27 0.77 0.25 0.11 0.16
31.1 1.12 0.72 0.10 0.15 0.17
35.2 1.35 0.3U 0.02 0.11 0.16
36.2 1.12 1.03 0.08 0.09 0.05
37-3 1.60 1.60 0 0.27 O.lU
38.1 1.75 1.59 0 0.20 0.15
39.1 1.27 1.07 0 0.39 0.10
I0.5 1.21 1.25 0 0 0.18
H .5 3.70 1.60 0 0 0.18
12.6 3.38 1.99 0 0 0.12
13.6 3.36 6.98 0 0 0.07
11.7 3 .7l O 0 0 0.06
15.7 3.81 0 0 0 0.06
16.8 3.57 0 0 0 0.01
17.8 2.76 0 0 0 0.16
18.9 3.99 0 0 0 0
50.0 3.83 0 0 0 0
51.0 1.08 0 0 0 0
52.1 3.11 0 0 0 0
53.1 1.79 0 0 0 0
5I.2 3.95 0 0 0 0
55-2 7.91 0 0 0 0
56.3 9.22 0 0 0 0
57-3 1.88 0 0 0 0
50.1 1.05 c 0 0 0
59.1 0 0 0 0 0
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TABLE XVII 
T o ta l  Cross S e c tio n s
T a rg e t
' ~  .......... .......(a)  “  '
Cross S e c t io n s ' '  
( m i l l ib a r n s )
P ro to n D euteron T r i to n H elium -3 Alpha
i s c (b ) 3^9 65 7 14.6 173
54pe ^c ^ 1271 70 5 .6 5-5 136
309B i(d ) 699 91 25 2 29
f p 1
'  '  These cross s e c tio n s  in c lu d e  a l l  p a r t i c l e s  d e te c te d  betw een th e  
energy  l im its  g iv en  in  th e  no tes below .
(b )  i s q en ergy l im i t s :  e l a s t i c  < E^ > 1 .2  MeV; E^ > 1 .2  MeV;
Et  > 5-5 MeV; EaHe > 6  MeV; Ea  > 2 .5  MeV
(c )  S4p e energy l im i t s :  e l a s t i c  < Ep > 3»5 MeV; Ep > 4 .5  MeV;
ET > 5-5 MeV; EaHe > 11 MeV; A ll  a lp h as
(d )  30 9 _ a -Q p a r t i c le s  .
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F ig u re  25 shows th e  s p e c tr a  o f secondary  p ro to n s , d e u te ro n s , 
t r i t o n s ,  h e l iu m -3 's , and alphas from 64Fe o b ta in ed  a t  47 d e g re e s .  I t  
sh o u ld  be n o ted  th a t  th e  v e r t i c a l  (c ro ss  s e c t io n )  s c a le  changes by 
f a c to r s  o f  te n  betw een th e  f iv e  p lo ts  shown. The d a ta  shown on F ig . 25 
in c lu d es  in fo rm a tio n  from  th e  t im e - o f - f l ig h t  system  fo r  t h e  p ro to n , 
d eu te ro n , and a lp h a  s p e c t r a ;  however, t im e - o f - f l ig h t  d a ta  i s  n o t in ­
c luded  on th e  t r i t o n  o r helium -3 s p e c tr a  even though some m ass-3  
p a r t i c l e s  were observed  in  th e  t im e - o f - f l ig h t  d a ta  tak en  d u rin g  th e  
2000 runs (100 and l6o d e g re e s ) .  The low energy l im i ts  o f  th e  d a ta  
f o r  th e  s p e c t r a  shown on F ig .  25 a re : p ro tons - 1 MeV; d e u te ro n s  -
a l l  p a r t i c l e s ;  t r i t o n s  -  5*5 MeV; h e liu m -3 ,s - 11 MeV; and  a lp h as - 
a l l  p a r t i c l e s .
The a lp h a  p a r t i c l e  spectrum  shows two dashed r e g io n s . The re g io n  
betw een 35 and 36  MeV shows th e  e f f e c t  o f  energy lo s s  in  t h e  n ic k e l  
dead la y e r  d isc u sse d  e a r l i e r .  The dashed reg io n  between ~ 1 2  and  l4  
MeV in d ic a te s  an  absence o f  d a ta  in  t h i s  reg io n  caused  by a  m alfunc­
t io n  o f  th e  ex p e rim e n ta l system  during  th e  5000 s e r i e s  o f ru n s .  A ll  
t im e - o f - f l ig h t  d a ta  ta k e n  d u rin g  th e  5000  ru n  s u f f e re d  from  th e  same 
problem  betw een th e  energy  o f 12 and 14 MeV and o n ly  th e  th e  a lp h a  
p a r t i c l e  d a ta  was a f f e c te d .  The a lp h a  cross s e c t io n s  in  t h i s  re g io n  
were e s tim a te d  by assum ing a  sm oothly in c re a s in g  c ro ss  s e c t io n  betw een 
12 and 14 MeV.
The low energy  c u t - o f f  f o r  th e  d a ta  p re se n te d  from  64F e a re  g iv en
in  th e  fo llo w in g :
P ro to n s : 3 .5  MeV H elium -3’s :  11 MeV
D euterons: 4 .5  MeV A lphas: A l l  p a r t i c l e s
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I t  shou ld  be n o ted  t h a t  th e  low energy  c u t - o f f s  f o r  th e  d a ta  l i s t e d  in  
th e  ta b le s  a re  h ig h e r  th a n  th e  c u t - o f f s  shown on F ig .  2 5 . The re a so n  
f o r  th e  d i f f e r e n t  c u t-o f f s  is  t h a t  t im e - o f - f l i g h t  d a ta  was o b ta in e d  f o r  
54 Fe a t  o n ly  a  few ang les  .
The in c lu s io n  o f t im e - o f - f l i g h t  d a ta  f o r  th e  p ro to n s , d e u te ro n s , 
t r i t o n s ,  and h e liu m -3 's  would have a f f e c te d  th e  t o t a l  c ro ss  s e c t io n  
f o r  th e se  p a r t i c le s  v e ry  l i t t l e  a t  sm a ll a n g le s . However, a t  l a r g e r  
ang les  (g re a te r  th a n  120  d e g re e s )  th e  amount o f c ro ss  s e c t io n  in  th e  
t im e - o f - f l ig h t  system  may be 10$ o f  th e  t o t a l  f o r  th e  p ro to n s  and 
deu terons and may double th e  c ro ss  s e c t io n  f o r  th e  h e l iu m -3 's .  The 
t o t a l  i n t e g r a l  over energy  and an g le  i s  changed v e ry  l i t t l e  b y  th e  
e x c lu s io n  o f  th e  t im e - o f - f l i g h t  d a ta .
F ig u re  25 shows t h a t  th e  h ig h  en erg y  p o r t io n  o f  th e  p ro to n  and 
d eu te ro n  s p e c tr a  a re  dom inated by e x c i t a t io n  o f d i s c r e t e  n u c le a r  
l e v e l s .  No peaks a re  seen  in  th e  t r i t o n ,  h e liu m -3 , and a lp h a  s p e c t r a  
s in c e  th e  co u n tin g  s t a t i s t i c s  in  th e s e  le v e ls  were v e ry  poor due to  
th e  sm a ll c ross  se c tio n s ..
The spectrum  o f  i n e l a s t i c  peaks observed  in  th e  p ro to n  spectrum  a t  
30 degrees a re  p lo t t e d  in  F ig .  26 . The e l a s t i c  peak is  p lo t te d  on a 
s c a le  t h i r t y  tim es s m a lle r  th a n  th e  s c a le  shown on th e  v e r t i c a l  a x i s .  
The peaks la b e le d  w ith  Q v a lu es  a re  th o se  peaks which a re  s tro n g ly  
enough e x c ite d  f o r  c r o s s - s e c t io n  e x t r a c t io n  a t  m ost a n g le s . The c ro ss  
s e c t io n s  f o r  th e  le v e ls  a t  - ^ .3 ,  -7*2 , and - 8 .6  MeV were no t e x t r a c te d  
f o r  p r e s e n ta t io n  in  t h i s  w ork. The spectrum  ag rees w ith  o th e rs  ob­
ta in e d  w ith  low er energy  in c id e n t  p ro to n s ^ 3 how ever, th e  r e s o lu t io n  
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such as th e  2 .9 -  and 3 .3 -MeV le v e l s ,  "which were la r g e ly  u n re so lv e d  in  
p rev io u s  w ork. The 2 .5 -MeV l e v e l  is  much more s t ro n g ly  e x c i te d  a t  
60 MeV th a n  in  th e  d a ta  re p o r te d  in  re fe re n c e  52, ta k e n  w ith  30-MeV 
in c id e n t  p ro to n s .  I t  seems a p p a re n t from  i t s  shape th a t  th e  peak w ith  
Q, v a lu e  - 7 .2  MeV is  com prised o f more th a n  one "unresolved le v e l ;  how­
ev er th e  peak a t  - 8 .6  MeV appears to  be from a  s in g le  l e v e l .  In  g e n e ra l  
th e  Q v alu es o f  th e  i n e l a s t i c  le v e ls  observed in  th e  54Fe d a ta  ag ree  
v e ry  w e ll  w ith  th e  le v e ls  r e p o r te d  f o r  64Fe in  th e  n u c le a r  d a ta  s h e e ts ;  
however, th e  s tro n g  s t a t e s  a t  -7*2 and - 8 .6  MeV a re  n o t l i s t e d .
The d i f f e r e n t i a l  c ro ss  s e c t io n s  fo r  th e  e l a s t i c  s c a t t e r i n g  o f 
p ro to n s  from  54Fe a re  g iven  in  Table XVIII and th e  c ro ss  s e c t io n s  a re  
p lo t t e d  in  F ig . 17 a long  w ith  an o p t i c a l  model c a lc u la t io n .  I t  is  
seen  th a t  th e  e l a s t i c  d i f f e r e n t i a l  c ro s s - s e c t io n  curve shows c o n s id e r ­
a b ly  more s t r u c tu r e  th a n  th e  curve f o r  e l a s t i c  s c a t te r in g  from  1 2 C.
The d i f f e r e n t i a l  c ro ss  s e c t io n s  f o r  th e  i n e l a s t i c  s c a t t e r in g  o f 
p ro to n s  from  th e  1 .4 2 - ,  2 . 56- ,  2 .9 2 - , 3*89-, 4 .8 5 - , and 6.4-MeV le v e ls  
o f  th e  B4Fe nucleus a re  l i s t e d  in  T ables XIX to  XXIII and th e s e  d i f ­
f e r e n t i a l  c ro ss  s e c t io n s  a re  p lo t t e d  in  F ig . 2 7 . The shape o f  th e  
an g u la r  d i s t r ib u t io n s  shown on F ig . 27 f o r  th e  1 .4 2 - and 2.92-MeV 
le v e ls  ag rees q u ite  w e ll  w ith  th e  shape re p o r te d  a t  40 MeV. In  th e  
40-MeV work53 b o th  s t a t e s  were id e n t i f i e d  as 2+ le v e l s .  At 30 MeV51 
th e  r e p o r te d  d i f f e r e n t i a l  c ro ss  s e c t io n  f o r  th e  1 .4 2 -MeV l e v e l  is  a ls o  
s im i la r  in  c h a ra c te r  to  th e  p re s e n t  d a ta .  The 60-MeV d i f f e r e n t i a l  
c r o s s - s e c t io n  curves f o r  th e  4 .8 -  and 6.4-MeV s ta t e s  a re  s im i la r  t o  
th o se  o f th e  e a r l i e r  w ork. These s ta t e s  were in te r p r e te d  as 3™ s ta t e s  
in  re fe re n c e  43. No c ro ss  s e c t io n s  f o r  th e  2 .5 8  o r 3*89 l e v e l s ,  seen
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TABLE X VIII. TABULATED DIFFERENTIAL CROSS SECTIONS
B4 F e (p ,p )S4Fe 





Cross S e c tio n  
( l a b . ) 
(m b/sr)





12 12.2 4221 ko6i 3
15 15.3 2190 2108 3
20 20 .4 406.7 391.9 3
25 25-5 45.34 43.75 3
27 27.5 50.67 48.92 3
50 30.6 84.40 81.56 3
35 35.7 80.56 78.0 3
1+0 40.7 42.20 40.95 3
45 45.8 14.20 13.81 3
47 47.8 7.65 7.45 3
50 50.9 8.20 8.00 3
55 55.9 7.18 7.00 3
6o 6l.O 4.74 4.65 3
65 66.0 2.27 2.23 3
70 71.1 1.41 1.39 3-5
75 76.1 1.47 1.46 3 .5
80 81.1 O.87 0.86 4 .
90 91.1 0.16 0.16 6
100 101.1 0.11 0.11 11
110 111.1 0.084 0.085 7
120 121.0 0.017 0.017 1 5 .
135 135.8 0.010 0.010 10
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TABLE XIX. TABULATED DIFFERENTIAL CROSS SECTIONS
5*Fe(p,p')54





C ross S e c tio n  
f l a b . ) 
(m b/sr)





12 12.2 6.40 6.15 8
15 15.5 7.15 6.86 6
20 20.4 6.78 6.55 6
25 25.5 4.69 4.52 5
27 27.5 5.59 5.47 5
50 30.6 2.07 2.00 5
55 55.7 0.99 O.96 7
40 ' 40.7 1 .34 1.30 6
45 45.8 1. 56 1.55 6
47 47.8 1.05 1.02 6
50 50.9 O.69 0.70 6
55 56.0 0.37 0.36 7
6o 6l.O 0.35 0.35 6
65 66. l 0.30 0.30 6
70 71.1 0.16 0.16 8 .5
75 76.1 0.10 0.10 7
60 81.1 0.055 0.055 7
90 91.2 0.040 o.o4o 7
100 101.1 0.013 0.0126 50
110 l l l . l 0.0083 o.oo84 11
120 121.0 0.0092 0.0094 20
155 155.8 0.0018 0 0018 21
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TABLE XX. TABULATED DIFFERENTIAL CROSS SECTIONS
B4 F e ( p ,p ') S4Fe 





Cross S ec tio n  
( l a b . ) 
(m b/sr)





25 25.5 0.52 0.50 7
27 27.5 0.52 0.50 6
30 30*6 0.59 0.57 6
to to. 8 0.57 0.55 7
to to. 8 0 . to o.to 6
to to. 9 0.25 0.24 7
50 50.9 0.19 0.19 9
6o 61.0 0.084 0.082 9
65 66.1 0.0 to o.oto 7
70 71.1 0.025 0.025 20
80 81.2 0.015 0.015 11
90 91.2 0.0074 0 . 007^ 11
110 l l l . l 0.0020 0.0020 21
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•TABLE XXI. TABULATED DIFFERENTIAL CROSS SECTIONS
B4F e ( p ,p ') S4Fe 





Cross S ec tio n  
( la b . )
(m b/sr)





15 15 .3 3.-97 3 .8 2 7
20 20 . Ij- 2 .15 2 .07 7
25 25 .5 I .6 5 1 .59 6
27 27 .5 1 .3 7 1 .3 2 6
30 3 0 . 6 O.5 8 O. 5 6 6
35 3 5 .7 0 .25 0 . 2 b 17
bo bo.Q 0 . 9^ 0 .91 7
b5 it-5.8 0 .9 6 0.93 7
b l V7.9 0 . 7b 0 .7 2 6
50 51-9 0 .4 5 0 . ^ 7
60 6 1 .0 0 .1 9 0 .19 7
65 6 6 . 1 0 .1 8 0 . 1 8  . 7
70 7 1 .1 0 . 1 1 0.11 9
75 7 6 . 1 0 .0 7 6 0.075 8
80 8 1 . 2 0 .0 5 8  • 0 .0 5 8 7
90 9 1 .2 0 .0 2 7 0.027 7
110 1 1 1 .1 0 .0 0 6 7 0 .0 0 6 8 13
120 121.0 0 .0 0 8 1 0 .0 0 8 3 2b
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TAELE XXII. TABULATED DIFFERENTIAL CROSS SECTIONS
54F e ( p ,p ') B4Fe





Cross S e c tio n  
( l a b . ) 
(m b /sr)





12 12.3 1.31 1.26 20
15 15.3 O.69 0.66 15
20 20.lt 0.31 0.30 20
25 25-5 0.29 0.28 10
27 27.5 0.72 0.69 10
30 30.6 0.95 0.92 6
35 35.7 0.37 0.36 12
1*0 i»o.8 0.39 0.38 11
1*7 **7-9 0.15 0.15 10
55 56.0 0.078 0.076 11
65 66.1 0 .06l 0.060 8
75 76.1 0.01*0 o.oi* 11
80 81.2 0.035 0.035 8
110 l l l . l 0.0037 0.0038 18
Q = -4 .85 MeV
15 15.3 0.92 0.88 13
20 20.1* 1.06 1.02 8
27 27.5 1.1*0 1-35 6
30 30.6 1.20 1.16 6
35 35-7 0.1+9 0.1*7 • 11
1*0 1*0.8 O.36 o .35 11
1*7 1*7-9 0.27 0.26 8
50 50.9 0.16 0.16 11
60 61.0 0.091 0.089 13
65 66.1 o.oi*i* 0.01*3 12
75 76.1 0.01*2 0.0l*2 11
80 82.2 O.O36 0.036 11
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TABLE XXIII. TABULATED DIFFERENTIAL CROSS SECTIONS
54F e ( p ,p ') B4Fe
Q = -6.1+ MeV
a t  Cross S ec tio n  Cross S ec tio n  _Lab. Angle C.M. Angle /- , N / .  E r ro r
<*«> ( * »
12 12.5 2.39 2.29 1*+
15 15.3 2.27 2.18 7
20 20.1+ 2.12 2.01+ 7
25 25.5 2.69 2.59 6
27 27.6 3.29 3.17 5
30 30.6 2.60 2.51 6
35 35-7 1.20 1.16 7
i+o 1+0.8 0.85 0.82 7
hi *1-7.9 0 .6 l 0.59 10
50 50.9 0.1+2 0.1+1 7
55 56.0 0.33 0.32 7
6o 61.0 0.23 0.23 7
65 66.1 0.20 0.20 7
70 71.1 0.17 0.17 10
75 76.2 0.12 0.12 8
80 81.2 0.066 0.066 7
90 91.2 0.020 0.020 11
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s tr o n g ly  e x c i te d  in  th e  p re s e n t  work, were re p o r te d  a t  30 or Uo MeV.
Four peaks were found to  be s tro n g ly  e x c ite d  in  th e  d e u te ro n  sp e c ­
trum  from  54Fe as i s  shown in  F ig .  28. The Q values o f th e se  peaks 
from  th e  r e a c t io n  B4F e (p ,d )53Fe a re  -1 1 .3 1 - , - l i f .2 1 - ,  -1 ^ .7 1 - ,  and 
-15.6i)-MeV. These le v e ls  co rrespond  to  th e  ground s t a t e  and 2 .9 - ,
3 -5 - ;  and U.33-MeV le v e ls  in  th e  63Fe n u c le u s . The ta b u la te d  d i f f e r e n ­
t i a l  c ro ss  s e c t io n s  f o r  th e se  le v e ls  a re  g iven  in  Tables XIV and XV, 
and p lo ts  o f th e  d i f f e r e n t i a l  c ro ss  s e c tio n s  a re  shown on F ig .  2 9 .
The shape of th e  secondary  p ro to n  spectrum  from 54Fe f o r  en e rg ie s  
betw een 20 and 50 MeV i s  q u ite  s im i la r  to  t h a t  seen  e a r l i e r  f o r  12C 
a t  35 d e g re e s . The p ro to n  spectrum  in  th is  reg io n  is  s t r u c tu r e l e s s  
and shows no ev idence o f a  peak from q u a s i - e la s t ic  s c a t t e r i n g .  The 
54Fe p ro to n  c ro ss  s e c t io n s  in  th is  energy  re g io n  a r e ,  how ever, h ig h e r  
th a n  th e  12C c ro ss  s e c t io n  in  th e  same re g io n . The p ro to n  d a ta  below 
20 MeV e x h ib i ts  a  marked d if fe re n c e  from th e  1SC spectrum  in  t h a t  a 
s tro n g  low -energy d i s t r i b u t io n ,  peaked ju s t  below th e  coulomb b a r r i e r  
(~6 MeV),. i s  now o b serv ed . Although th e  low -energy p ro to n  d a ta  is  
c u t o f f  a t  ~1  MeV, th e re  a re  s t i l l  p ro tons em itted  a t  th e  energy  w e ll  
below th e  c l a s s i c a l  c u t - o f f .
The s p e c t r a  o f deu terons and t r i t o n s ,  w hile  d i s t i n c t l y  s im i la r  to  
th e  p ro to n  spectrum  in  th e  energy  re g io n  ju s t  below th e  d i s c r e t e  le v e ls  
to  ~15 MeV, do n o t show th e  s tro n g  low -energy peak b u t f a l l  o f f  s t e a d i ly  
in  m agnitude below th e  coulomb b a r r i e r .  I t  i s ,  however, found th a t ,  
a lth o u g h  and t r i t o n s  do n o t peak a t  low e n e rg ie s , th e  m agnitude of 
th e  c ro ss  s e c t io n  in  th e s e  reg io n s  f a l l s  o f f  much more s lo w ly  w ith  
in c re a s in g  an g le  th a n  th e  m agnitude f o r  the  h ig h e r  energy  reg io n s  o f 
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TABLE XXIV. TABULATED DIFFERENTIAL CROSS SECTIONS
B4F e (p ,d )53Fe 
Q = -11 .31  MeV 
(Ground S ta te )
_ . . n A , C ross S e c tio n  Cross S e c tio n  „Lab. Angle C.M. Angle , \ \ E rro r
m  m  & / - )  < * «
12 1 2 . 4 4 .26 14-. 02  8
15 15.5 3.98 3.76 6
20 20.6 2.95 2.79 6
25 25.7 2.09 1.98 5
27 27.8 1.86 1.76 5
30 30.9  1.47 1-39 5
35 36.0 1.27 1.21 6
1+0 i+l.l 1.01+ .99 6
1+5 1+6.2 .69 .66 6
1+7 1+8.3 -54 .52  6
50 51.3 *51 .49  6
55 56. 1+ .36 .35 6
60 61.5 .33 -32 7
65 66.6 .22 .21 6
70 71.6 .16 .16 9
75 76.7 .15 .15 7
80 81.7 .093 -092 6
90 91-8 .037 .037  9
100 101.7 *027 .027 20
110 111.6 .o i l  .012 12
Q = -ll+. 21 MeV 
(2 . 9 -MeV L ev e l)
12 12.1+ O.98 0.92 12
15 15.5 1-39 1.31  7
20 20.6 1.22 I.15 6
25 25.8 .51+ .51  7
27 27.8 .31+ .32  6
30 30.9  .21 .20 7
35 36.0 .23 .22 11
1+0 1+1.2 .29 .28 8
1+5 46.3 -11 .11  10
1+7 48.3 .081 .078 10
50 51.4 .061+ .'061 11
55 56.5 .063 .061 10
60 61.6 .057 .056 17
65 66.6 .ol+3 .042 8
70 71.7 .038 .037 13
75 76.7 .021 .021 21
80 81.8 .017 .017 11
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TABLE XXV. TABULATED DIFFERENTIAL CROSS SECTIONS
54F e (p ,d )B3Fe 
Q = -1 4 .7 1  MeV 
(3.4-MeV L evel)
Lab. Angle O.M. Angle Orol s ®ef lon Orof= Section  Error 
(deg) (deg) g # ) ,  ( * «
12  1 2 . k 1 .7 3  1 .6 3  12
15  1 5 . 5  1 .9 6  1 .8 5  6
20  2 0 . 6  1 .1 3  1 . 0 7  7
25  2 5 .8  .7 0  . 6 6  6
27  2 7 . 8  .6 5  . 6 1  6
30  3 0 . 9  .48  . 4 5  6
35 3 6 .0  . 3 6  . 3 4  8
Ho 4 1 .2  . 2 5  . 2k 9
47 48 .3  .1 8  .1 7  8
50 51*4 .18  .1 7  8
55 56 .5  .1 5  .1 4  7
60 6 1 .6  .1 0 8  .1 0 5  13
65 6 6 .6  .0 7 5  .0 7 3  7
70  71-7  .0 6 8  .0 6 7  11
80  8 1 .8  .o 4 l  .041  8
Q = -15*64 MeV
(4.3-MeV L evel)
12  1 2 . 4  1 .8 4  I . 7 3  10
15  1 5 -5  1 .9 8  1 . 8 6  6
20 2 0 . 6  1 .47  1 .3 9  7
25 2 5 .8  1 .0 2  . 9 6  6
27  2 7 .8  . 8 6  . 8 1  5
30  3 0 . 9  .7 1  . 6 7  6
35 3 6 . 0  .6 0  .5 7  7
4o 4 l .  2 .4 6  .4 4  7
45 46 .3  . 3 0  . 2 9  8
47 48 .3  .2 7  . 2 6  7
50 51 .4  . 2 6  . 2 5  7
55 5 6 .6  . 2 0  . 1 9  7
60 6 1 .6  . 1 7  . 1 6  8
65 6 6 .6  . 1 2  . 1 2  5
70  71*7 .1 1  -11 10
75  7 6 .7  . 1 0  . 1 0  8
80  8 1 .8  .0 6 5  .o64  7
90  9 1 .8  .0 2 2  .0 2 2  10
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P ig . 29- D i f f e r e n t i a l  Cross S e c tio n s  f o r  Levels Observed in  the  
B4 F e (p ,d )53Fe R e a c tio n .
1^0
A lthough th e  helium -3  d a ta  is  c u t  o f f  a t  ~11 MeV, i t  seems c le a r  
t h a t  th e  spectrum  does n o t s t r o n g ly  peak as does th e  a lp h a  spectrum .
The a lp h a  spectrum  from  54Fe i s  se e n  to  be s t r o n g ly  peaked a t  an energy 
s l i g h t l y  below th e  coulomb b a r r i e r .  The c ro ss  s e c t io n  in  th e  peak is  
an o rd e r  o f m agnitude la r g e r  th a n  th e  c ro ss  s e c t io n  f o r  th e  h ig h -en erg y  
p o r tio n s  o f  th e  a lp h a  spectrum , even f o r  th e  s m a lle s t  a n g le s .
The c ro ss  s e c t io n s ,  averaged  over 1-MeV b in s ,  f o r  th e  p ro to n  
( n o n e la s t ic ) ,  d eu te ro n , t r i t o n ,  h e liu m -3 , and a lp h a  d a ta  a re  l i s t e d  
in  Appendix A, Tables AVI to  AX. A lpha p a r t i c l e  c ro ss  s e c t io n s  ob­
ta in e d  from th e  t im e - o f - f l ig h t  sy stem  a re  l i s t e d  in  Appendix B, Table 
A l l .  No s t a t i s t i c a l  e r ro r s  a re  shown in  th e  t im e - o f - f l ig h t  d a ta ;  
however, th e  l a r g e s t  e r r o r  i s  ~1-C$>. The s t a t i s t i c a l  e r ro r s  f o r  th e  
o th e r  runs may be o b ta in e d  by c o n v e rtin g  th e  l i s t e d  c ro ss  s e c t io n s  in to  
counts th rough  th e  use  o f  th e  f a c to r s  g iv en  in  T able V o f t h i s  C hap ter. 
The b eh av io r o f  th e  seco n d ary  p ro to n  s p e c t r a  from  54Fe as a fu n c tio n  o f 
ang le  is  seen  on F ig .  30 on which s e v e r a l  secondary  p ro to n  s p e c t r a  a re  
p lo t t e d .  On th i s  p lo t ,  as in  th e  case  f o r  carbon , a  smooth continuum 
has been drawn under th e  d i s c r e te  peaks in  th e  s p e c t r a  and th e se  peaks 
have been removed. I t  i s  seen  th a t  on ly  a  few o f th e  s p e c t r a  show 
d a ta  down to  ~ 1  MeV which in d ic a te s  th a t  t im e - o f - f l ig h t  d a ta  were tak en  
f o r  th o se  a n g le s . A lso p lo t t e d  on F ig .  30, a long  w ith  th e  ex p erim en ta l 
d a ta , is  a  c a lc u la t io n  of th e  spectrum  which w i l l  be d isc u s se d  in  
C hapter V.
I t  is  seen  th a t  th e  c ro ss  s e c t io n  f o r  th e  low -energy peak in  th e  
d a ta  is  i s o t r o p ic  w ith in  ~30$, b e in g  fo rw ard  peaked. The c ro ss  s e c ­



























F ig . 30. P ro to n  Continuum S p e c tra  from 54Fe Compared w ith
In tr a n u c le a r  Cascade C a lc u la tio n s .
i k z
r a p id ly  w ith  in c re a s in g  an g le  and approach zero  fo r  ang les g r e a te r  
th a n  ~100  d e g re e s . The s p e c t r a  a t  th e  l a r g e s t  ang les a re  com prised 
m o stly  o f a  low -energy , n e a r ly  i s o t r o p ic ,  d i s t r i b u t io n .  A lthough a  
peak  is  observed  in  th e  h ig h  energy  p ro to n  s p e c tr a  (~45 MeV) f o r  
an g les  s m a lle r  th an  30  d eg rees , th e  lo c a t io n  o f  th e  peak does n o t 
change in  a  manner which would id e n t i f y  i t  as a  q u a s i - e la s t ic  peak .
The p ro to n  continuum  s p e c tr a  a t  a l l  an g les  were found to  be s t r u c t u r e ­
le s s  and a re  r a th e r  f l a t .
The s p e c t r a  o f  a lp h a  p a r t i c le s  from B4Fe a t  s e v e ra l  ang les a re  
p lo t t e d  on F ig . 31* The s tro n g  s i m i l a r i t y  between th e  an g u la r v a r i a ­
t io n  o f  th e  a lp h a  spectrum  and th e  p ro to n  spectrum  is  e v id e n t. The 
m agnitude o f th e  c ro ss  s e c tio n s  f o r  th e  h igh  energy  a lp h a  reg io n s  
d ec rease s  v e ry  r a p id ly  w ith  in c re a s in g  an g le , w hile  th e  c ro ss  s e c t io n  
in  th e  low -energy  d i s t r i b u t io n  is  n e a r ly  i s o t r o p ic .
The b eh av io r w ith  an g le  o f fo u r  d i f f e r e n t  energy  reg io n s  o f  th e  
seco n d ary  p ro to n  spectrum  from  B4Fe is  shown on F ig . 32. P lo t te d  on 
t h i s  f ig u r e  a re  d i f f e r e n t i a l  c ross  s e c t io n s  f o r  th e  energy  reg io n s  
betw een 4 to  6 MeV ( j u s t  below th e  coulomb b a r r i e r ) ,  l4  to  16 MeV,
24 to  26 MeV, and 44 to  46 MeV (below i n e l a s t i c  l e v e l s ) .  The c ro ss  
s e c t io n s  f o r  each energy  re g io n  a re  se e n  to  be forw ard peaked; however, 
th e  lo w est en e rg ie s  a re  peaked o n ly  ~ 30$ and have a  h igh  m agnitude, 
as seen  in  F ig .  3 0 . The c ro ss  s e c t io n  f o r  th e  h ig h e s t  energy re g io n  
is  seen  to  r a p id ly  d ec rease  w ith  in c re a s in g  ang le  u n t i l  th e  c ro ss  
s e c t io n  is  n e a r ly  gone by 100 d e g re e s . The in te rm e d ia te  energy re g io n  
and th e  low -energy  re g io n  a re  observed  to  approach a  c o n s ta n t c ro ss  
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F ig . 32. D i f f e r e n t i a l  Cross S ec tio n s  f o r  Four Energy Regions o f 
th e  Secondary P ro ton  Spectrum  from  54 F e .
1^5
same as t h a t  shown in  F ig .  32 f o r  th e  p ro to n s  and, a lth o u g h  th e r e  is  
no low energy  peak in  t h e i r  s p e c t r a ,  th e  d eu tero n s and t r i t o n s  behave 
in  a  manner s im ila r  to  th e  p ro to n s .
The b eh av io r w ith  an g le  o f  th e  t o t a l  en erg y  in te g ra te d  d i f f e r e n t i a l  
c ro ss  s e c t io n s  f o r  th e  charged p a r t i c l e s  from 54Fe is  seen  in  F ig .  33 
and th e  va lu es  o f th e  c ro ss  s e c t io n s  a re  l i s t e d  in  Table XXVI. A lthough 
th e  m agnitude o f th e  v a rio u s  c ro ss  s e c t io n s  a re  d i f f e r e n t  from  th e  com­
p a ra b le  cases fo r  1 2 C, th e  shape o f th e  a n g u la r  d i s t r ib u t io n s  a re  th e  
same. Each d i f f e r e n t i a l  c ro ss  s e c t io n  is  seen  to  be s t r o n g ly  forw ard  
peaked and f a l l s  o f f  r a p id ly  to  an ap p ro x im a te ly  c o n s ta n t v a lu e  f o r  
ang les la r g e r  than  100 d eg ree s . The shape o f  th e  a n g u la r  d i s t r ib u t io n s  
in d ic a te s  t h a t  th e  mechanism f o r  p ro d u c tio n  o f th e  v a rio u s  charged 
p a r t i c l e s  i s  com prised o f more th an  one type  o f p ro c e ss  and, f u r th e r ,  
th e  s im i l a r i t y  o f  th e  shapes of th e  d i s t r ib u t io n s  f o r  th e  v a rio u s  types 
o f  p a r t i c l e s  su g g ests  t h a t  th e  same com bination  o f p ro cesse s  a re  in ­
vo lved  in  th e  p ro d u c tio n  o f each ty p e  o f seco n d ary  p a r t i c l e .  The 
c o n s ta n t c ro ss  s e c t io n  approached by each  d i s t r i b u t io n  in d ic a te s  th a t  
an i s o t r o p ic  r e a c t io n  mechanism is  p r e s e n t  in  th e  p ro d u c tio n  a t  a l l  
a n g le s ; however, t h i s  i s o t r o p ic  mechanism is  s t r o n g ly  enhanced b y .a  
d i f f e r e n t  p ro c e ss , one which has a  s tro n g  fo rw ard  peaked c h a r a c t e r i s t i c ,  
a t  ang les sm a lle r  th a n  ~ 9 0  d e g re e s .
The ang le  in te g ra te d  c ro ss  s e c t io n s  (m illibarns/M eV ) f o r  p ro to n s , 
d e u te ro n s , t r i t o n s ,  h e liu m -3 ' s ,  and alphas from  54Fe a re  l i s t e d  in  
T ab le  XXVII and th e  t o t a l  c ro ss  s e c tio n s  ( m il l ib a r n s )  f o r  th e  produc­


























ORNL-DWG 6 8 - 3 6 0 5
















Ed  > 4.5 MeV
• * x ___
— • — .i
•
\ PROTONS 
Ep  > 3.5 MeV
X
—-i —----- '-------
20 40 60 80 100 120 140 160
® L A B  <d e 9 )
Energy In te g ra te d  D i f f e r e n t i a l  Cross S ections 
;ons, H e liu m -3 's , and Alphas from 54F e .
TABLE XXVI




T o ta l Cross S ec tio n s  (m b/sr)
Proton  
Ep >  3 -5  MeV
(n o n e la s t ic )
Deuteron 
Ep >  4 .5  MeV
T riton  
^  >  5-5  MeV
Helium-3 
ib He >  13 MeV
Alpha 
A ll  P a r t ic le s
12 585 .0 33)9 2 .5 6 3 .0 2 3 .4
15 344 .7 30 .5 2 .3 9 2 .5 9
20 2 55 .0 27 .3 2 .03
27 2 11 .0 18 .3 1-77 1 .8 0 1 8 .5
30 2 05 .2 1 6 .8 1 .6 4 1 .6 3
35 177.7 1 4 .6 1 .3 0
40 164 .0 1 1 .8 1 .03 O.98
^5 IU9 .8 1 0 .1 0 .95
^7 1^7-5 9 .8 0 0 .9 4 0 .9 2 13.3
50 137-8 9-14 0 .9 2 O.87
6o 117.5 6 .9 1 0 .63 0 .5 7 1 2 .1
65 111.9 6 .4 o 0 .5 7
70 100.7 5 .0 6 0 .5 0 0 .43 1 1 .2
80 9 3 .2 4 .5 0 0 .38 O.36
90 7 9 .0 . 3 .1 5 0 .26
100 7 8 .3 2 .8 7 0 .2 2 0 .1 0 9 -5
110 7 2 .6 2 .3 9 0 .2 0 0 .1 6
120 7 1 .9 2 .0 4 0 .18 o . i 4
135 6 3 .7 I .78 0 .1 4 0 .2 0








Proton Deuteron Triton Helium-3 Alpha
1.5 0 0 0 0 0
2.5 0.08 0 0 0 0
3.6 126.80 0.0U 0 0 1.70
U.6 167.Uo 2.72 0.05 0 i*.2h
5-7 3.1*5.09 3.1*8 0.28 0 9.1*1
6.7 115.1*1 3.37 0.29 0 11**99
7.3 89. **3. 3.11 0.28 0 17.81
8.8 67.63 2.81* 0.30 0 17.11
9.9 39.90 2.5I* 0.26 0 li* .77
10.9 30.51 2.23 0.25 0.06 12.00
12.0. 25.07 2.08 0.21 0.35 9*16
13.0 21.36 1.7** 0.19 0.37 6.75
lU .l 18.87 1.57 0.20 0.32 5*15
15-1 17.22 1.50 0.17 0.25 3*51
16.2 15.77 1.1*5 0.1? 0.22 3.00
IT.2 I**.63 1.1*3 0.16 0.19 2.21
18.3 13.71 1.1*2 0.15 0.20 1.89
19.3 13.1*5 1.35 0.15 0.21 1.1*2
20.U 12.71* 1.31* 0.1U 0.20 1.19
21.>1 12.1*7 1.29 O.ll* 0.16 1.06
22.5 12.06 1.27 O.ll* 0.15 0.96
23.5 II.76 1.27 O.ll* 0.16 0.82
211.6 11.62 1.23 0.13 O.ll* 0.73
25.6 11.13 1.21 O.ll* 0.13 0.61
26.6 10.91 1.15 0.12 O.ll* 0.59
27.7 IO.76 1.15 0.12 0.13 0.1*5
28.7 10.87 1.16 0.12 O.ll* 0.1*3
29.8 10.38 1.08 0.13 0.13 0.38
30.8 10.08 1.11 0.11 O.ll* 0.33
31.9 9.73 I.09 0.11 0.12 0.28
32.9 9.60 1.05 0.11 0.19 0.20
3U.0 9.1*8 1.08 O .ll O.lU 0.19
35.0 9.53 I.09 O.ll* 0.12 0.15
36.1 9.28 I.09 0.13 0.12 0.09
37-1 9.16 1.11 0.12 O .ll 0.3I*
38.2 9.12 1.18 0.09 0.11 0.22
39.2 9.07 1.16 0.09 0.10 0.21
1*0.3 9.1*6 1.20 0.06 0.09 0.20
1*1.3 9.80 1.35 O.Ol* 0.11 0.17
1*2.1* 9.56 1.31 0.01 0.12 0.18
U3.lt 9 .W 1.1*5 0.02 0.16 0.1*+
UU.5 9.19 1.71* o.oi* 0.12 0.19
U5.5 8.8U 2.53 0.03 0.05 0.18
U6.6 6.62 1.66 0 0.05 0.16
U7.6 8.01 1.05 0 0 0.10
U8.7 7.85 1.13 0 0 0.09
U9.7 7.36 1.18 0 0 0.08
50.8 7.16 0 0 0 0.10
51.8 6.67 0 0 0 0.07
52.8 7.18 0 0 0 0.03
53.9 7 .1*6 0 0 0 0.02
5U.9 8.02 0 0 0 0.01
56.0 5.28 0 0 0 0.03
57.0 6,51 0 0 0 0
58.1 8.30 0 0 0 0
59.1 t*.27 0 0 0 0
60.2 0 0 0 0 0
lb-9
K. 209B i D ata
D ata were o b ta in e d  from  th e  b ism uth  t a r g e t  e n t i r e l y  d u rin g  th e  5000 
s e r i e s  o f runs (o n ly  two ang les  were ta k e n  in  th e  7000 s e r i e s ) .  The 
p h y s ic a l  low energy  c u t - o f f  o f  th e  d a ta  from  b ism uth  was h ig h  enough 
so  t h a t  th e  AE X E system s d e te c te d  e s s e n t i a l l y  a l l  th e  p a r t i c l e s . 
However, th e  t im e - o f - f l ig h t  system  d e te c te d  la rg e  q u a n t i t ie s  o f f i s s io n  
fragm ents from  th e  b ism uth t a r g e t  s in c e  60  MeV (p ro to n s )  is  above th e  
f i s s i o n  th re s h o ld  f o r  b ism uth . These heavy fragm ents were t o t a l l y  
s to p p ed  in  th e  f i r s t  d e te c to r  and th e r e fo r e  n ev er e n te re d  th e  AE X E 
i d e n t i f i c a t i o n  system . The fragm ents d id , however, obscure in  th e  
t im e - o f - f l i g h t  system  some sm a ll p o r t io n  o f th e  extrem e low -energy 
p ro to n  spectrum  f o r  th e  s m a lle s t  a n g le s .
The s p e c t r a  o f p ro to n s , d e u te ro n s , t r i t o n s ,  h e l iu m -3 's ,  and alphas 
observed  from  S09B i a t  b^ degrees a re  shown on F ig .  3^* The p ro to n  
and d eu te ro n  s p e c t r a ,  as in  th e  same s p e c t r a  f o r  13C and 54F e, e x h ib i t  
s e v e ra l  w e ll- re s o lv e d  d i s c r e te  peaks a t  th e  h ig h e s t  e n e rg ie s . No 
le v e ls  a re  shown f o r  th e  t r i t o n ,  helium -3  and a lp h a  s p e c t r a  due to  
poor s t a t i s t i c s . I t  sh o u ld  be p o in te d  o u t t h a t  th e  a lp h a  p a r t i c l e  
ground s t a t e  r e a c t io n  has a  p o s i t iv e  Q v a lu e  and th e  h ig h e s t  a lp h a  
p a r t i c l e  e n e rg ie s  f o r  ang les  le s s  th an  ~ 2 5  degrees were n o t an a ly zed . 
This unanalyzed  p o r t io n  r e p re s e n ts  a  v e ry  sm a ll p o r tio n  o f th e  t o t a l  
a lp h a  c ro ss  s e c t io n .
The p ro to n  spectrum  shown on F ig .  3^ a g a in  e x h ib i ts  a  s t r u c t u r e ­
l e s s ,  f l a t  continuum  re g io n  betw een 0 and 20 MeV as th e  s p e c t r a  from 
12C and 54Fe have shown. (The low energy  p o r t io n  of th e  spectrum  from 
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peak is  o b serv ed . The d a ta  is  seen  to  f a l l  o f f  sm oothly  below th e  
Coulomb b a r r i e r  which is  lo c a te d  a t  ~-6 MeV. The d eu te ro n  and t r i t o n  
s p e c t r a ,  a lth o u g h  in  g e n e ra l s im i la r  in  shape to  th e  p ro to n  spectrum , 
show more o f a  peaking  a t  th e  low est e n e rg ie s ,  a lth o u g h  th e  peak  in  
t h e i r  case  is  v e ry  b ro ad . The a lp h a  spec trum  in  P ig .  3^ shows a 
d i s t r i b u t io n  which is  peaked a t  ap p ro x im ate ly  th e  Coulomb b a r r i e r  
f o r  th e  alphas and which drops o f f  r a p id ly  a t  th e  h ig h e r  e n e rg ie s , 
a  s i t u a t i o n  s im i la r  to  th e  a lp h a  s p e c t r a  from  carbon  and i ro n .  The 
h elium - 3  spectrum , however, i s  d i f f e r e n t  from  th e  o th e rs  in  t h a t  th e  
c ro ss  s e c t io n  is  no t peaked n ea r th e  Coulomb b a r r i e r  b u t r a th e r  has 
a  s t ro n g e r  c ro ss  s e c t io n  a t  th e  h ig h e r  e n e rg ie s .  I t  shou ld  a ls o  be 
n o ted  t h a t  th e  m agnitude o f th e  helium -3  c ro ss  s e c t io n  is  te n  tim es 
le s s  th a n  t h a t  f o r  th e  t r i t o n ,  a  r a t i o  u n lik e  th o se  f o r  carbon o r iro n , 
as can be se e n  in  Table XVI. I t  sh o u ld  be n o ted  a g a in  t h a t  th e  low 
energy  c u t - o f f s  observed in  th e  s p e c t r a  in  F ig .  3^ a re  p h y s ic a l  and 
n o t d e term ined  by th e  d e te c to r  o r e le c t r o n ic  system s o r by  th e  t a r g e t  
th ic k n e s s .
F ig u re  35 shows th e  spectrum  o f i n e l a s t i c  p ro to n  peaks and th e
spectrum  of d eu te ro n  peaks observed from  209B i a t  ^0 d e g re e s . The
p ro to n  spectrum  is  dom inated by th e  e l a s t i c  s c a t t e r i n g  which is  much 
s tro n g e r  th an  th e  nearby  in e l a s t i c  l e v e l s .  The i n e l a s t i c  le v e ls  w ith  
Q v a lu es  o f -1 .6 2 , -2 .6 9 , and -3-17 MeV appear to  be s in g le  le v e ls ;
however, th e  l e v e l  a t  k.^Q MeV seems to o  b road  to  be produced by ex­
c i t a t i o n  from a  s in g le  s t a t e .  The f i r s t  e x c i te d  s t a t e  in  209B i has a 
Q v a lu e  of ~0-95  MeV and is  v ery  w eakly e x c i te d .  Due to  i t s  nearness  
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t a i l  o f  th e  e l a s t i c  peak a t  o n ly  a  v e ry  few ang les  and c ross  s e c t io n s  
f o r  t h i s  l e v e l  cou ld  n o t be e x t r a c te d .  I f  t h i s  l e v e l  happened to  be 
in c lu d ed  in  th e  e l a s t i c  c ro ss  s e c t io n ,  th e  e f f e c t  on th e  e l a s t i c  d a ta  
would be n e g l ig ib le .  There is  a  v e ry  prom inent and b road  peak observed  
in  th e  b ism uth  p ro to n  s p e c t r a  w ith  an  approxim ate Q v a lu e  o f - 6  MeV. 
This d i s t r i b u t io n  m ust be composed o f  s e v e r a l  c lo s e ly  spaced  le v e ls  
which a re  com plete ly  u n re so lv e d  in  t h i s  ex p erim en t. The d i f f e r e n t i a l  
c ro ss  s e c t io n  f o r  th e  e l a s t i c  s c a t t e r i n g  and f o r  th e  1 . 6 2 - ,  2 .6k - ,
3 .1 7 - ,  and lj-.38-MeV le v e ls  a re  l i s t e d  in  Tables XXVIII to  XXX. The 
e l a s t i c  c ro ss  s e c tio n s  a re  p lo t t e d  in  F ig .  17, a lo n g  w ith  an o p t i c a l  
model f i t ,  and th e  i n e l a s t i c  c ro ss  s e c t io n s  a re  p lo t t e d  in  F ig .  3 6 .
The d eu te ro n  spectrum  p lo t t e d  in  F ig .  35 shows th e  p resen ce  of 
s i x  p rom inent p eak s . The c ro ss  s e c t io n s  f o r  th e  r e a c t io n s  le a d in g  
to  th e s e  peaks a re  s tro n g  enough to  p e rm it e x t r a c t io n  o f  d i f f e r e n t i a l  
c ross  s e c t io n s  fo r  a l l  s ix  le v e ls  a t  l e a s t  ou t to  7 0  d e g re e s . The Q 
v a lu es  o f th e s e  a p p a ren t le v e ls  a re  - 5 *3 7 * - 5 *9 7 > 6 .3 2 , -7 *0 7 , - 7 *8 2 ,
and -8 .8 2  MeV and th e s e  co rre sp o n d  to  th e  ground s t a t e  and e x c ite d  
s ta t e s  o f  0 .6 , 1 .0 , 1 .7 , 2 . 5 , and 3*5 MeV in  th e  S0SB i n u c le u s . The 
d i f f e r e n t i a l  c ro ss  s e c t io n s  f o r  th e s e  s t a t e s  a re  ta b u la te d  in  Tables 
XXXI to  XXXIII, and th e  c ro ss  s e c t io n s  a re  p lo t t e d  on F ig .  37*
The i n e l a s t i c  p ro to n  s p e c t r a  observed  in  t h i s  experim ent a re  s im i­
l a r  to  th o se  o b ta in ed  a t  55 MeV shown in  re fe re n c e  12; however, th e  
energy  r e s o lu t io n  o f  th e  p r e s e n t  work was ap p ro x im a te ly  an o rd e r  o f 
m agnitude b e t t e r  th an  th e  55-MeV work and p e rm itte d  s e p a ra t io n  o f  th e
1.6-MeV l e v e l  from th e  e l a s t i c  peak  and a ls o  allow ed  s e p a ra t io n  o f th e
2 .6 -  and 3 .2 -MeV l e v e l s .  The d eu te ro n  s p e c t r a  w ere o b ta in e d  by
15^
TABLE XXVIII. TABULATED DIFFERENTIAL CROSS SECTIONS
209B i( p ,p ) 209Bi 





Cross S ec tio n  
( l a b . )
(m b /sr)
Cross S ec tio n  
(C.M.) 
(m b/sr)
E r ro r  
(±  fo)
15 15.08 1658 161*2 1*
20 20.1 1001 991. ^ 1*
25 25.12 725.1 716.5 1*
50 30.15 57.26 56.95 1+
55 55.17 151.7 130.6 1*
1*0 1*0.19 75.69 75.1 1*
^5 1*5-21 8.10 8.01* 1*
50 50.23 25.11 2l*. 9I* 1*
55 55. 21* 12.1*2 12.35 1*
6o 60.26 2.86 2.85 1*
70 70.28 3 . 01* 5.03 1*
75 75.28 1.066 I.063 1*.5
8o , 80.29 1.56 1.56 1*.5
90 90.29 0.38 0.38 1*. 5
110 110.28 0.099 0.0993 . 6.5
120 120.26 0.1066 0.1066 6
155 155.21 0.026 0.0262 12.0
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TABLE XXIX. TABULATED DIFFERENTIAL CROSS SECTIONS
209B i ( p ,p ') 2° 9Bi
Q = -1 .6 2  MeV
_ , A n , Cross S e c tio n  Cross S e c tio n  „Lab. Angle C.M. Angle / .  , v , n __ \ E r ro r




































































































TABLE XXX. TABULATED DIFFERENTIAL CROSS SECTIONS
309B i ( p , p T o9Bi 





Cross S ec tio n  
( la b . )  
(m b/sr)




( ± * )
15 1 5 .1 . 8 8 .8 9 13
20 2 0 . 1 1 . t o i . t o 6
30 5 0 . 2 .8 8 .87 6
35 35-2 • 39 •39 7
t o t o . 2 .3 1 .31 7
t o t o .  2 .35 • 34 6
50 5 0 .2 .1 0 .1 0 11
55 55.2 .0 7 8 .0 7 8 8
60 60.3 .0 8 9 .0 8 9 8
70 70 .3 .0 2 9 .0 2 9 14
75 75.3 .0 2 5 .025 19 .
80 80 .3 . 0 3 4 .034 11
Q = -to  38 MeV
15 1 5 .1 5 .31 5 .2 6 6
20 2 0 . 1 to  t o to  t o 6
25 25 .1 3 .5 2 3 . t o 6
30 3 0 . 2 3 .3 ^ 3 .3 1 5
35 3 5 .2 1 . 58 1 .5 6 6
t o t o . 2 1 . 2 1 1 .2 0 6
t o t o . 2 1 .03 1 .0 2 6
50 5 0 .2 .2 8 .2 8 8
55 55*2 .4 4 .44 6
60 60.3 • 33 .33 6
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TABLE XXXI. TABULATED DIFFERENTIAL CROSS SECTIONS
309B i( p ,d ) 208Bi 
Q = -5 .5 7  MeV 





Cross S e c tio n  
( l a b . ) 
(m b/sr)





15 1 5 .1 . 7 6 • 75 8
20 2 0 .1 . 1+6 . 1+7 8
25 2 5 .2 • 37 • 37 9
30 5 0 . 2 .2 7 . 2 7 7
35 3 5 .2 .23 .2 3 7
1+0 1+0.5 .1 0 .1 0 9
1+5 1+5.3 . 081+ .0 8 3 9
50 50.5 .01+1 .Ol+l 11
55 55.3 .0 2 3 .0 2 3 12
60 6 0 .I+ .0 2 3 .0 2 3 12
70 70.1+ .0 0 6 6 .0 0 6 6 26
90 90 .5 • . OQ53
Q = - 5 .9 7  MeV 
(0.6-MeV S ta te )
.0053 20
15 1 5 .1 3 .7 8 3 .7 2 6
20 2 0 .1 2 . 01+ 2 .0 2 6
25 2 5 .2 1 .33 1 .3 1 6
30 5 0 . 2 .92 .9 1 6
35 3 5 .2 .50 •50 6
1+0 1+0.5 • 31 • 31 7
^5 ^5 .3 .1 8 .1 8 7
50 50.3 . 1 2 .1 2 7
55 55.> ' .0 6 0 .0 6 0 8
60 6 0 . 1+ . 01+1+ .01+3 9
70 70.1+ . 021+ . 021+ 13
80 8 0 . 1+ .011 .011 19
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TABLE XXXII. TABULATED DIFFERENTIAL CROSS SECTIONS
209B i( p ,d ) 2o8B i
Q = -6 .3 2  MeV 
(l-MeV S ta te )
_ , . n _ ,, . n C ross S e c tio n  C ross S e c tio n  _Lab. Angle C.M. Angle /_ , \ , n „  \ E rro r
15 1 5 .1  2. 1k 2 .1 1  6
20 . 2 0 .1  1 . 1(0 1 . 3 8  6
25  2 5 .2  . 9 6  . 91+ 6
30  3 0 .2  . 7 1  . 7 0  6
35  5 5 .2  - . kk  . 1+1+ 6
1+0 1(0.3 .5 0  . 3 0  7
1*5 1*5.5 . 2 0  .2 0  6
50 5 0 .5  - H  .1 1  8
55 55.1* .0 9 1  .0 9 1  7
60  6 0 . l* .039  *039 10
70  70 . 1* .0 2 0  .0 2 0  li*
80  8 0 . 1* . o i l  .0 1 1  19
Q = - 7 . 0 7  MeV 
(1 . 7 -MeV S ta te )
15 1 5 .1  2 .7 9  2 .75  6
20 2 0 . 1  2 . 6 2  2 .6 0  6
25 2 5 .2  1 . 5 0  1 . 1*8 6
30  3 0 . 2  . 8 3  . 8 2  6
35 5 5 .2  . 6 6  .6 5  6
1*0 1*0.3 .1+5 -1*5 6
1*5 1*5.5 .21* .21* 7
50 50.5 - 2 l* .25  6
55 55.1* .1 1  .1 1  7
60 6 0 . 1* . 1 1  . 1 1  7
l 6 o
TABLE XXXIII. TABULATED DIFFERENTIAL CROSS SECTIONS
209B i( p ,d ) 208Bi 
Q = -7 .8 2  MeV 





Cross S e c tio n  
( l a b . ) 
(m b /sr)





15 1 5 .1 if. 10 if. 00 5
25 2 5 .2 2 . ifl 2 .3 7 if
50 3 0 . 2 1.3*f 1 .33 if
55 55-2 . 8 5 ,81f 5
to to .  3 • 50 • to 5
to to .  5 • 51 .30 5
50 5 0 .3 . 2 6 .25 5
55 55 . ^ .1 2 .1 2 5
60 6 0 . if . 0 6 6 .0 6 5 7
70 7 0 . if .0 3 0
Q = - 8 . 8 2  MeV 
(3.5-MeV S ta te )
.030 13
25 2 5 . 2 .5 5 .53 9
50 3 0 . 2 .if7 - . if 6 6
55 5 5 .5 • 51 .30 7
to to .  3 .1 6 .1 6 10
to to .  3 • 15 .1 5 8
50 5 0 .3 .1 1 .1 1 8
55 55- *■ .0 6 5 ,o6if 8
60 6 0 . if .oif9 .oif9 10
70 70. if .0 3 3 .033 12
l 6 l




















209B i ( p , < / )208Bi:  
^ ,* ■ 6 1 .7  M eV
:6>— 5 .4  M eV  (G R O U ND S T A T E ) :
J J .
- j -£ >  =  - 6 . 0  M eV  
i
S Q
0 = - 6 . 3 M e V -
:0=>-7,1 MeV:
0 - - 7 . B  M e V :
- < ? = - 8 . 8  M e V  ■
2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0
S l a b (d eg )
Fig* 37* D i f f e r e n t i a l  Cross S e c tio n s  f o r  Levels Observed in  th e
309B i(p ,d )so8B i R ea c tio n .
162
I s h iz a k i  e t  a d .53 a t  57 MeV and a g a in  g e n e ra l  agreem ent o f  l e v e l  s t r u c ­
tu r e  i s  n o ted  w ith  th e  p re s e n t  w ork. However, in  th e  case  o f th e  
d e u te ro n  spec trum , th e  le v e ls  a re  c lo s e ly  spaced  and th e  improved r e s o l ­
u t io n  (~15  tim es b e t t e r  in  t h i s  c a se )  s e p a ra te d  s e v e ra l  le v e ls  u n rep o r­
te d  a t  57 MeV.
Cross s e c tio n s  f o r  th e  p ro to n s , d e u te ro n s , t r i t o n s ,  helium -3*s, 
and a lp h as  from  209B i a re  l i s t e d  in  Appendix A in  Tables AXI to  AXV. 
These c ro ss  s e c tio n s  a re  averaged  over 1-MeV in te rv a ls  and th e  energy 
shown i s  th e  c e n te r  o f  th e  i n t e r v a l .
Secondary p ro to n  s p e c t r a  from 209B i a t  s e v e ra l  angles a re  p lo t te d  
on P ig .  38, a lo n g  w ith  a c a lc u la t io n  d isc u s se d  in  th e  n e x t ch ap te r .
As in  th e  p rev io u s  cases  f o r  carbon and i ro n ,  th e  i n e l a s t i c  le v e ls  
have been  removed and a  smooth continuum  has been drawn under th e  
p e a k s . The low en erg y  re g io n  o f th e  p ro to n  s p e c t r a ,  a lthough  no longer 
peaked a t  a l l  a n g le s , ag a in  becomes c o n s ta n t in  m agnitude f o r  la rg e  
an g les  w h ile  th e  h ig h e s t  energy  p ro to n s  o f  th e  s p e c tra  d ec rease  r a p id ly  
in  m agnitude to  a sm a ll  o r  ze ro  c ro ss  s e c t io n  fo r  ang les g r e a te r  than 
~110 d e g re e s . The s p e c t r a  a t  ang les  s m a lle r  th a n  30 degrees again  
e x h ib i t  a  h ig h  en erg y  peak; however, as is  th e  case fo r  th e  carbon and 
iro n  d a ta ,  th e  lo c a t io n  o f th e  peak  does n o t move as i t  shou ld  i f  the 
peak were produced by q u a s i - e l a s t i c  s c a t t e r i n g .
D i f f e r e n t i a l  c ro ss  s e c t io n s  f o r  th re e  energy  reg io n s  o f th e  p ro ton  
s p e c t r a  from b ism uth  a re  p lo t te d  on P ig . ^0 . The re g io n  from 1^ to  
l6  MeV is  n ea r th e  coulomb b a r r i e r ,  w h ile  th e  h ig h  energy re g io n  
betw een ^9 and 51 MeV is  j u s t  below th e  i n e l a s t i c  p ro to n  peak s . The
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b eh av io r o f  th e  c ro ss  s e c t io n  f o r  th e  energy  re g io n s  shown is  s im i la r  
to  co rresp o n d in g  re g io n s  in  th e  carbon  and iro n  s p e c t r a .  The low 
energy  re g io n  is  shown to  be app roach ing  a  c o n s ta n t v a lu e  f o r  ang les 
la rg e r  th a n  120 deg rees and  f o r  th e  l a r g e r  ang les  th e  low energy  
d i s t r i b u t io n  p ro v id e s  th e  m a jo r i ty  o f  th e  c ro ss  s e c t io n .  A l l  th re e  
reg io n s  a re  fo rw ard  peaked , w ith , as is  th e  case  f o r  th e  carbon  and 
iro n  p ro to n  d a ta ,  th e  h ig h e s t  en erg y  re g io n  e x h ib i t in g  th e  s tro n g e s t  
peaking and th e  m ost r a p id  d ec re a se  o f  c ro ss  s e c t io n  w ith  a n g le .
The p ro to n  spectrum  from  b ism uth  produced by  55-MeV p ro to n s  has 
been re p o r te d  f o r  e n e rg ie s  above ~15 MeV.12 I t  i s  found t h a t ,  as in  
th e  case f o r  carbon , th e  m agnitude o f th e  55-MeV d a ta  i s  <̂ hQrfo h ig h e r  
a t  15 degrees th a n  th e  d a ta  re p o r te d  h e re . However, th e  agreem ent 
between th e  two s e ts  o f  d a ta  f o r  30, 6 0 , 9 0 , and 120 deg rees is  w ith in  
our e r ro rs  . The spec trum  o f  d eu te ro n s  from  309B i is  shown f o r  s e v e ra l  
ang les  in  F ig .  ^0 . The s p e c t r a  a re  v e ry  s im i la r  in  shape to  th e  p ro ­
to n  s p e c t r a  seen  on F ig .  38  and th e  change in  m agnitude o f th e  s p e c tra  
w ith  in c re a s in g  an g le  is  s im i la r  to  th a t  f o r  th e  p ro to n  spectrum . 
A gain, i t  i s  to  be n o ted  t h a t  th e  d i s c r e te  le v e ls  have been  removed 
and a  smooth continuum  drawn in  t h e i r  p la c e .
As is  s e e n  in  F ig .  ^1, th e  b e h a v io r  o f th e  a lp h a  p a r t i c l e  energy  
s p e c t r a  from  b ism uth  i s  v e ry  s im i la r  to  t h a t  o f th e  p ro to n s  and 
d eu te ro n s , ex cep t t h a t  th e  low energy  d i s t r i b u t i o n  dom inates the  
m agnitude o f  th e  s p e c t r a  a t  a l l  a n g le s . I t  is  a g a in  se e n  th a t  th e  
s p e c t r a  a re  fo rw ard  peaked fo r  a l l  energy  reg io n s  and th a t  th e  h igh  
energy  c ro ss  s e c t io n s  f a l l  o f f  v e ry  r a p id ly  w h ile  th e  m agnitude o f 
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The energy  In te g ra te d  d i f f e r e n t i a l  c ro ss  s e c t io n  f o r  th e  p ro to n s , 
d e u te ro n s , t r i t o n s ,  he lium -3 ; and a lp h a  p a r t i c l e s  from  309Bi a re  
p lo t t e d  in  P ig .  k-2 and th e  c ross  s e c t io n s  a re  ta b u la te d  in  T able XXXIV. 
The c ro ss  s e c tio n s  a re  se e n  to  be s t r o n g ly  fo rw ard  peaked and approach  
a  c o n s ta n t va lue  f o r  ang les  l a r g e r  th a n  ~100 d e g re e s . The shape o f 
th e s e  d i s t r ib u t io n s  is  th e  same as th o se  f o r  carbon  and i ro n  and ag a in  
su g g e s ts  t h a t  th e  mechanism of p ro d u c tio n  i s  composed o f  more th a n  one 
p r o c e s s .
The an g le  in te g ra te d  c ro ss  s e c t io n s  f o r  th e  ch arged  p a r t i c l e s  from  
b ism uth  a re  l i s t e d  in  T ab le  XXXV and th e  t o t a l  c ro ss  s e c t io n s  in te g ­
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T o ta l Cross S ec tio n s  
(m b/sr)
P ro to n
(n o n e la s t ic ) D euteron T r i to n  Helium -3 Alpha
15 446.0 48 .4 9-75 1 . 2 3 8 .23
20 2 6 3 .8 39 .6 8 .2 4 1 . 0 3 7 .7 2
25 205 .9 3 2 .1 7-44 0 . 8 5 6 .9 0
30 1 6 1 .O 2 4 .5 6 .7 8 0 . 7 8 6 .2 9
35 ' 145 .6 2 1 .1 5 .83 0 . 6 3 5-79
40 1 2 2 .2 1 6 . 7 4 .95 0 . 5 0 5 .0 6
45 1 0 7 .4 1 3 .7 4 .4 2 0 .4 6 4.75
50 9 2 .3 1 2 . 1 3 .6 7 o .4i 3 .78
6o 6 6 .4 8.43 2 .7 4 0 . 2 6 3 .0 8
70 4 8 .4 5 .8 1 2 . 0 1 0 . 2 0 2.43
8o 4o.o 4 .8 0 I . 6 9 0 . 1 5 2 .2 8
90 2 8 . 2 3 .49 1 . 21 0 . 0 9 8 I . 7 6
110 1 7 . 1 1.95 O. 6 5 0 . 0 5 6 1 .1 7
135 1 0 . 6 1 .0 1 o .4o 0 . 0 2 2 0 .9 7
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Proton Deuteron Triton Hellum-3 Alpha
1.5 0 0 0 0 0
2.6 0 0 0 0 0
3.6 1.50 0 0 0 0
1.6 3.39 0.15 0.01 0 0
5-7 3.73 0.19 o .o l 0 0
6.7 3.81 0.20 0.06 0 0
7 .B 5.22 0.37 0.08 0 0
6.8 7.13 0.18 0.18 0 0
9.9 9. 5B 0.90 0.39 0 0
10.9 13.63 1.36 0.67 0 0
13.0 11.03 1.86 0.78 0.01 0
13.0 11.33 3.35 0.B7 0 o.ol
11.1 15.63 2.26 0.99 0 0.12
15.1 16.55 3.10 1.31 0.01 0.37
16.3 16.77 2.39 1.30 0 0.56
17.3 16.91 3.13 1.13 0 0.98
18.3 17.15 2.53 1.03 0 1.31
19-3 17.23 3.18 1.06 0.01 1.55
20.1 17.16 3.50 1.0 0.01 1.61
31.1 17.18 3.50 0.95 0.03 1.62
32.; 16.77 2-35 0.90 0.03 1.60
S3.5 16.77 2.11 . 0.85 0.03 1.56
31.6 16.61 3.31 0.83 o.ol 1.53
35.6 16.19 2.33 0.76 0.05 1.15
36.7 16.03 2.17 0.67 0.05 1.39
27.7 15.87 2.10 0.69 0.06 1.27
38.8 15.83 3.09 0.61 0.08 1.16
39.6 15. IB 1.98 0.56 0.07 1.05
30.9 15.11 1.91 0.53 0.10 0.93
31.9 11,85 I.83 0.52 0.10 0.83
33.9 11.16 1.83 0.19 0.15 0.73
31.0 1I.I7 I.69 0.15 0.08 0.58
35.0 11.32 1.68 0.13 0.07 0.57
36.1 11.38 1.61 0.12 0.08 0.37
37.1 1I.5I 1.59 0.35 0.06 0.80
38.2 11.17 1.52 0.35 0.07 0.61
39.2 13.88 1.16 0.33 0.06 0.50
10.3 13.59 1.12 0.31 0.06 0.13
H .3 13.28 I.I7 0.33 0.05 0.38
13.1 13.11 1.38 0.38 0.06 0.31
13.1 ' 13.91 1.36 0.28 0.06 0.39
11.5 13.02 1.12 0.37 0.05 0.38
15-5 13.71 1.37 0.36 0.05 0.31
16.6 13.16 1.10 0.25 o.ol 0.20
17.6 12.70 1.18 0.32 o.ol 0.30
18.7 13.78 1.16 0.18 0.05 0.16
19.7 12.57 1.51 0.19 0.06 0.15
50.8 13.11 1.58 0.12 0.09 O .ll
51.8 11.33 1.11 0.17 0.09 0.11
52.9 10.55 1.98 0.12 0.05 0.11
53.9 10.13 1.56 0.03 0.01 0.10
55.0 10.38 1.13 0 0.01 0.09
56.0 11.81 3.23 0 0 0.08
57.1 13.70 0 0 0 0.07
58.1 7 .IB 0 0 0 0.07
59.2 13.12 0 0 0 0.07
60.3 0.31 0 0 0 0.06
CHAPTER V
DISCUSSION
A. E la s t i c  S c a t te r in g
A lthough th e  d a ta  p re se n te d  in  t h i s  work was tak en  from o n ly  th re e  
t a r g e t s ,  th e re  a re  some c le a r  tre n d s  to  th e  e l a s t i c  s c a t t e r in g  d i f f e r ­
e n t i a l  c ross  s e c t io n s ,  as is  se e n  in  F ig . 17• The m ost obvious tre n d s  
a re  ( l )  th e  in c re a se  in  th e  o s c i l l a t o r y  s t r u c tu r e  w ith  in c re a s e  in  A,
( 2 ) th e  movement o f th e  f i r s t  minimum in  th e  c ross  s e c t io n  to  s m a lle r  
an g le  w ith  in c re a s in g  A, and ( 3 ) th e  more r a p id  d ec re a se  in  th e  c ro ss  
s e c t io n  a t  th e  m ost fo rw ard  ang les  w ith  in c re a s in g  A. These tre n d s  
a re  n o t unique to  th e  in c id e n t  energy  of ~60 MeV, b u t have been ob­
se rv ed  a t  o th e r  in te rm e d ia te  e n e rg ie s ,  n o ta b ly  3 0 - , 54 *4-0- , 5 and 
160 MeV.1
In  r e c e n t  years  i t  has been shown th a t  over a  wide range o f  i n c i ­
d en t energy  th e  observed  e l a s t i c  d i f f e r e n t i a l  c ro ss  s e c t io n s  o f nuc leon - 
nucleus s c a t t e r in g  can be s a t i s f a c t o r i l y  accoun ted  f o r  by th e  n u c le a r  
o p t i c a l  m odel.BB The h i s t o r i c a l  developm ent o f  th e  m odel, which was 
based  la r g e ly  on agreem ent w ith  ex p erim en ta l d a ta ,  has been  d isc u sse d  
in  s e v e ra l  p la c e s48 and th e  m athem atica l developm ent has a ls o  been 
w e ll  docum ented .5 5 ' 56 S ince th e  b a s is  o f th e  model i s  so  th o ro u g h ly  
d isc u s se d  e lsew h ere , and s in c e  th e  a p p l ic a t io n  o f th e  model t o  d a ta  
tak en  w ith  60-MeV in c id e n t  p ro to n s  is  no t u n iq u e , 8 o n ly  th e  b a s ic  
assum ption  o f th e  n u c le a r  p o te n t i a l  vised in  th e  model w i l l  be d e sc rib e d
B4 L. N. Blumberg e t  a l . ,  Phys . Rev. 1*4-7, 3> 8 l2  ( 1 9 6 6 ) .
bbM. A. P re s to n , P h y sics  o f  th e  N ucleus, Ch. 18, A ddison W esley ,1 9 6 2 .
B6P . E . Hodgson, The O p tic a l  Model o f E l a s t i c  S c a t te r in g .  S e le c te d  
Topics in  N uclear S p ec tro sco p y , com piled by B. J .  V erh aa r, N orth-H olland  
P u b lish in g  Company, Amsterdam, 196*4-.
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The d is t in g u is h in g  f e a tu r e  o f  th e  o p t i c a l  model i s  t h a t  th e  p o te n ­
t i a l  in v o lv ed  is  complex and o f  th e  g e n e ra l  form  ( f o r  a  s p h e r ic a l  co re )
V (r)  = - U of ( r )  - i  Wg(r) ( 5 . 1 )
where UQ and W a re  th e  dep ths o f  th e  r e a l  and im ag inary  p a r ts  o f  th e  
n u c le a r  o p t i c a l  p o t e n t i a l  and f ( r )  and g ( r )  a re  t h e i r  r a d i a l  form 
f a c t o r s . I f  th e  in c id e n t  p a r t i c l e  i s  charged , th e  Coulomb e le c t r o ­
s t a t i c  p o t e n t i a l  Vc ( r )  m ust be added to  th e  p o t e n t i a l  g iv en  in  
Eq. (5 -1 ) .
The form  f a c to r  f ( r )  m ost o f te n  used  w ith  th e  r e a l  c e n t r a l  p o te n ­
t i a l  is  th e  Saxon-Woods form  f a c to r
f  ( r )  = ------------ ---------- y-rr (5 .2 )
1 + e x p (r  -  R /a )
In  Eq. (5*2) R m easures th e  o v e r a l l  e x te n t  o f  th e  p o t e n t i a l  and is  
expected  to  be s im i la r  to  th e  n u c le a r  s i z e .  The p aram eter a  c o n tro ls  
th e  r a p i d i t y  w ith  w hich f ( r )  f a l l s  o f f  and th e  p aram eter i s  th e r e fo re  
r e l a t e d  to  th e  d if fu s e n e s s  o f  th e  n u c le a r  s u r f a c e .
The im ag inary  p a r t  o f  th e  o p t i c a l  p o t e n t i a l ,  W g(r), accounts f o r  
a l l  n o n e la s t ic  p ro c e sse s  th ro u g h  a b so rp tio n  o f  in c id e n t  f lu x ,  i . e . ,  
nucleons a re  removed from  th e  e l a s t i c  ch an n e l, however, w ith o u t d i f f e r ­
e n t i a t in g  betw een them . The form  f a c to r  g ( r )  depends on th e  in c id e n t 
energy; a t  low e n e rg ie s  th e  in t e r a c t io n  is  most l i k e l y  to  be concen­
t r a t e d  in  th e  s u r f a c e  re g io n  w h ile  a t  h ig h e r  en e rg ie s  th e  a b so rp tio n  
sp read s  th ro u g h o u t th e  n u c le a r  volum e. The a n a ly t i c a l  form  o f te n  used
f o r  s u r fa c e  a b s o rp tio n  i s  g ( r )  = - h a  f ' ( r ) , 56 d e f in e d  so  t h a ts
g (r ) = 1 , where f ' ( r )  denotes d i f f e r e n t i a t i o n  w ith  r e s p e c t  to  r .  The s
17^
form  used  f o r  volume a b s o rp tio n  is  u s u a lly  gy ( r )  = f ( r ) .  The t o t a l  
im aginary  p o te n t i a l  may be a  com bination o f b o th  volume and s u rfa c e  
a b s o rp tio n  and g iv en  by
W g(r) = Wy f ( r )  -  ^ a  WD f ' ( r )  (5 -3 )
where and Wp deno te  th e  volume and s u rfa c e  a b so rp tio n  p o te n t i a l  
d e p th s , r e s p e c t iv e ly .
I t  has been  found  t h a t  agreem ent w ith  ex p erim en ta l d a ta  was f u r th e r  
improved by in c lu d in g  in  th e  p o te n t i a l  a s p in - o r b i t  term  o f  th e  form
Vso  = (Us + * Ws> h ( r )
where U and i  W a re  th e  r e a l  and im aginary  dep ths o f th e  s p in - o r b i t  s s
p o t e n t i a l  and 2 and a  a re  th e  a n g u la r  momentum and P a u l i  s p in  o p e ra ­
t o r s ,  r e s p e c t iv e ly .  The s p in - o r b i t  r a d i a l  form f a c to r  h ( r )  i s  g iv en  
by
h ( r )  = -  i  f ' ( r ) .  (5 -5 )
The a d d i t io n  o f V allow ed  th e o r e t i c a l  c a lc u la t io n  o f  p o la r iz a -so
t io n  o f e l a s t i c a l l y  s c a t te r e d  nucleons fo r  com parison w ith  experim en t. 
Thus, th re e  types o f  ex p e rim en ta l d a ta  can be used  to  de term ine  o p t i c a l  
model p a ram e te rs : d i f f e r e n t i a l  e l a s t i c  s c a t te r in g  c ro ss  s e c t io n s ,  t o t a l  
i n e l a s t i c  r e a c t io n  c ro ss  s e c t io n s ,  and p o la r iz a t io n  o f e l a s t i c a l l y  
s c a t te r e d  n u c le o n s .
The t o t a l  o p t i c a l  p o t e n t i a l  used  in  t h i s  a n a ly s is  i s  g iv en  by th e  
com bination  o f  th e  term s shown in  E q s . ( 5 « l) ,  (5*2 ), (5•3)>  and ( 5 .^ ) .  
However, s in c e  th e  form  f a c to r  param eters R and a may n o t be th e  same 
f o r  each o f th e se  p a r ts  o f  th e  p o te n t i a l ,  th e  t o t a l  p o t e n t i a l  may be 




x = ( r - R ) /a ,  xx = ( r - R j . ) ^ ,  xg = (r-R g ) /a g (5 -7 )
w ith
R = r  A o
(5 .8 )
I n  q . (5*8) R is  th e  ra d iu s  d e f in e d  f o r  th e  r e a l  p o t e n t i a l ,  im aginary
p o te n t i a l  and s p in - o r b i t  p o t e n t i a l ,  in  t h a t  o rd e r ,  w h ile  a , a_, and aJ. s
a re  th e  Saxon-Woods d if fu s e n e s s  param eters  f o r  th e  same p o te n t i a l s .
The Coulomb in te r a c t io n  term  i s  t h a t  f o r  a un ifo rm  s p h e r ic a l  charge 
d i s t r i b u t i o n  w ith
V = Ze2 / r ,  r  > Rc c '
The c a lc u la t io n  o f th e  e l a s t i c  d i f f e r e n t i a l  c ro s s -s e c t io n s  were 
perform ed u s in g  th e  com puter program  JIB  I I I . 57 The program  f i t t e d  
th e  c a lc u la t io n  to  th e  ex p e rim en ta l d a ta  by v a ry in g  th e  v ario u s  p a ra ­
m eters o f th e  p o t e n t i a l  u n t i l  th e  q u a n ti ty
(5 .9 )
where
(5 .1 0 )
57W ritte n  by P . G. P erey  (u n p u b lish ed ).
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i s  m inim ized. In  Eq. (5*11), an(i CTex^®i^ re f ,e r  c a lc u ­
l a t e d  and ex p e rim en ta l c ro ss  s e c t io n  a t  a n  ang le  9^, and ^ce x (9^) I s 
th e  ex p e rim en ta l e r r o r  in  th e  c ro ss  s e c t io n  measured a t  ang le  0^ . The 
f i t t i n g  program  s t a r t s  w ith  an i n i t i a l  s e t  of p o t e n t i a l  param eters  
and v a r ie s  th e s e  u n t i l  X^ is  m inim ized.
S ince  s tu d ie s  have been  p re v io u s ly  made o f th e  o p t i c a l  model f i t s  
to  e l a s t i c  s c a t t e r in g  d a ta  a t  ~-6o MeV, i t  was d e s ire d  to  use  th e  p a r a ­
m eters o b ta in e d  in  th e s e  works as i n i t i a l  param aters and o n ly  d e te r ­
mine w hether th e  p re s e n t  e l a s t i c  d a ta  co u ld  be f i t t e d .  The p aram eters  
o b ta in e d  f o r  88Ni and 208Pb by Fulm er e t  a l .  a t  60 MeV were used  as 
i n i t i a l  param eters f o r  a  f i t  o f th e  p re se n t 54Fe and 209Bi d a ta , 
r e s p e c t iv e ly .  Because o f a  la c k  o f  a  60-MeV o p t ic a l  model f i t  f o r  
12C e l a s t i c  d a ta ,  some su g g ested 88 i n i t i a l  param eters were u sed .
As p o la r iz a t io n  d a ta  a t  6 0 MeV was no t a v a i la b le ,  th e  s p in - o r b i t  p a r a ­
m e te rs , U , W , r  , and a  were no t v a r ie d  fo r  54Fe and 209B i. However, s s s s
some o f  th e  s p in - o r b i t  param eters were v a r ie d  f o r  th e  carbon d a ta .  The 
param eters  which were v a r ie d  in  th e  c a lc u la t io n  a re  shown on Table 
XXXVI.
The " b e s t  f i t "  o p t i c a l  model param eters f o r  12C, 84Fe, and 209Bi 
a re  l i s t e d  in  Table XXXVI, a long  w ith  th e  i n i t i a l  param eters u sed .
The i n i t i a l  and f i n a l  X̂ , a r e  a ls o  l i s t e d  in  th e  t a b le .  The q u a l i ty  of
th e  f i t s  t o  th e  ex p e rim en ta l d a ta  a re  shown on F ig . 17, and i t  is  seen
t h a t  th e  f i t  is  q u ite  good f o r  a l l  th re e  ta r g e ts  d isc u sse d . The f i t  
to  th e  84 Fe d a ta  i s  low in  th e  an g le  re g io n  of 70 to  80 degrees and
i t  is  in  t h i s  re g io n  t h a t  m ost o f  th e  t o t a l  X̂ , is  o b ta in e d . The f i t s
58J .  K. Dickens ( p r iv a te  com m unication).
TABLE XXXVI. OPTICAL MODEL PARAMETERS; INITIAL AND "BEST FIT"



















l2 C I n i t i a l
F in a l
3 8 .0 0  
2 6 .0 9
1 .1 6 0
a
.7 0 0 0
.7477
9-500
6 .6 1 8














54F e I n i t i a lF in a l
41.00 
38. ko
1 .1 6 0
a
• 1300
.7 1 7 7
















209B i I n i t i a lF in a l
4 i.4 o
3 8 .6 0
1.220 
a
.5 8 0 0
.7 4 2 2
2.010
4 .2 3 8
7 .8 1 0
3 .964
1 .3 2 0
a










^ h i s  param eter was n o t v a r ie d .
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f o r  a l l  th re e  cases a re  p o o re s t  a t  th e  back a n g le s ; how ever, th e  c o n t r i ­
b u tio n  to  X̂ , from th e s e  p o in ts  i s  le sse n e d  by th e  la rg e  e x p e r im e n ta l 
e r ro r s  a ss ig n e d  to  th e  back an g le  c ross  s e c t io n s .
I t  is  seen  on T able XXXVI th a t  th e  f i n a l  s e t  o f  p aram eters  c a lc u ­
l a t e d  a re  a  c o n s id e ra b le  improvement over th e  i n i t i a l  s e t  f o r  each  
c a s e , as determ ined  by  th e  sm a lle r  X̂ , v a lu e . The changes in  th e  r e a l  
w e l l  d ep th  f o r  54Fe and 209Bi were sm a ll between i n i t i a l  and  f i n a l  
s e t s ;  however, changes in  th e  im aginary  p o te n t i a l  dep ths were l a r g e r .
In  th e  case  o f carbon , however, th e  change in  th e  r e a l  w e l l  d ep th  was 
c o n s id e ra b le , and a  la rg e  r e a l  s p in - o r b i t  p o te n t i a l  was found  to  be 
re q u ire d  f o r  th e  b e s t  f i t .
The o p t i c a l  a n a ly s is  o f 12C is  confused by th e  a p p a re n t a b i l i t y  to  
f i t  th e  ex p e rim en ta l d a ta  e q u a lly  w e ll w ith  any o f s e v e r a l  s e t s  o f  
p o t e n t i a l  p a ra m e te rs , 59 whereas good f i t s  to  d a ta  from  medium and 
heavy n u c le i  le a d  to  more o r le s s  th e  same param eters . I n  an  e f f o r t  
to  de term ine w hether th e  p re s e n t  60-MeV carbon d a ta  cou ld  be f i t  by 
any o f  s e v e ra l  s e ts  o f  p a ra m e te rs , seven  i n i t i a l  s e t s  were chosen from  
th e  a n a ly s is  o f ^5-MeV d a ta  re p o r te d  in  re fe re n c e  5 9 . I t  was found  
t h a t  th e  f i t s  to  th e  60  MeV e l a s t i c  s c a t te r in g  d a ta  were a l l  o f  n e a r ly  
e q u a l q u a l i ty :  a  q u a l i ty  as good as t h a t  o b ta in e d  w ith  th e  p aram ete rs  
is  shown in  Table XXXVI. E lim in a tio n  o f some o f  th e  seven  f i n a l  p r e ­
d ic t io n s  cou ld  be b ased  on shapes o f th e  p o la r iz a t io n  ( in f e r r e d  from  
^O-MeV d a ta 5 4 ) o r  on th e  b a s is  o f  m easured t o t a l  i n e l a s t i c  r e a c t io n  
c ro ss  s e c t io n s ;  however, fo llo w in g  such  an e l im in a tio n  a t  l e a s t  th re e  
s e ts  were s t i l l  a c c e p ta b le .  I t  has been found d i f f i c u l t  a t  o th e r
59G. R. S a tc h le r ,  N uclear P hysics  A100, ^97 ( 1 9 6 7 ) .
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en e rg ie s  to  f i t  b o th  13C d i f f e r e n t i a l  e l a s t i c  c ro ss  s e c t io n s  and e l a s t i c  
p o la r iz a t io n s  w ith  th e  same p a ra m e te rs .64
I t  i s  f e l t  t h a t  th e  o p t i c a l  model p re d ic t io n s  shown on F ig .  17 and 
based  on th e  p aram eters  l i s t e d  in  T able XXXVI p ro v id e  as good a f i t  to  
th e  p re s e n t  60-MeV d a ta  as f i t s  o b ta in e d  to  o th e r  experim ents in  th e  
in te rm e d ia te  energy  re g io n . A lthough th e  o p t i c a l  model s tu d y  under 
tak en  h e re  was by no means e x te n s iv e , i t  does seem t h a t  th e  am biguity  
found in  c a lc u la t io n s  f o r  carbon d a ta  a t  low er e n e rg ie s  a re  p re se n t 
a t  60 MeV.
B. Secondary P ro to n  P ro d u c tio n
In  t h i s  s e c t io n  th e  p ro d u c tio n  o f  seco n d ary  p ro to n s  in  th e  con­
tinuum  re g io n  w i l l  be d isc u sse d  and th e  d a ta  w i l l  be compared to  an
e x is t in g  in t r a n u c le a r  cascade m odel which has been used  e x te n s iv e ly
f o r  in c id e n t  nucleons w ith  e n e rg ie s  above ~150 MeV. The p ro to n  
continuum is  co n s id e re d  to  c o n s is t  o f  a l l  reg io n s  o f th e  p ro to n  
spectrum  ex cep t th e  e l a s t i c  and i n e l a s t i c  s c a t te r in g  peaks; however, 
th e  l a t t e r  may in  some cases r i s e  from  th e  " tru e "  continuum . In  o rd e r  
to  compare th e  continuum  cross  s e c t io n s  w ith  c a lc u la t io n s ,  th e  c ross  
s e c t io n  p ro v id e d  by th e  i n e l a s t i c  le v e ls  has been in c lu d ed  in  th e  
energy  in te g ra te d  c ro ss  s e c t io n s  and such  an in c lu s io n  is  n o te d .
The seco n d ary  p ro to n  s p e c t r a  from 13C, B4Fe, and 309Bi a re  shown 
f o r  com parison on F ig .  ^3- I t  sh o u ld  be no ted  t h a t  th e  c ro ss  s e c t io n  
s c a le  f o r  th e  13C spectrum  is  tw ice  as la rg e  as t h a t  f o r  54Fe and 
S09B i. The s p e c t r a  a re  dom inated a t  th e  h ig h e s t  en e rg ie s  by  peaks 
caused by e l a s t i c  and i n e l a s t i c  s c a t t e r in g  o f th e  in c id e n t .p r o to n s .
The peak s t r u c tu r e  i s  d i f f e r e n t  f o r  th e  th re e  s p e c t r a  beacuse o f th e
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F ig . ^3- Secondary P ro to n  S p e c tra  from 1SC, B4F e , and 209Bi a t
^5 D egrees.
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d i f f e r e n t  n u c le a r  l e v e l  s t r u c tu r e s  o f th e  n u c le i .
The p ro to n  s p e c t r a  shown on P ig .  ^3 a re  d i s t i n c t l y  s im i la r  over 
th e  e n e rg y  re g io n  betw een ~20 MeV to  j u s t  below th e  i n e l a s t i c  le v e ls  
and in  t h i s  re g io n  th e  c ro ss  s e c t io n  in c re a se s  w ith  in c re a s in g  t a r g e t  
m ass. I n  th e  energy  re g io n  below ~20 MeV th e  s p e c t r a  d i f f e r  g r e a t ly  
in  b o th  shape and m agnitude. The com parison betw een th e  th re e  s p e c t r a  
is  c o n s is te n t  th ro u g h o u t a l l  an g les  o f o b s e rv a tio n .
The e n e rg y - in te g ra te d  p ro to n  (ex c lu d in g  e l a s t i c  e v e n ts )  d i f f e r e n ­
t i a l  c ro ss  s e c t io n s  f o r  th e  13 C, 54Fe, and 209Bi ta r g e ts  a re  compared 
in  F ig .  bk3 and one observes th a t  th e  th r e e  behave in  a  s im i la r  manner 
as a  f u n c t io n  o f  a n g le . Each curve is  se e n  to  be v ery  s tro n g ly  peaked 
a t  sm a ll  an g le s  and d ec rease  r a p id ly  w ith  in c re a s in g  an g le  u n t i l  a 
n e a r ly  c o n s ta n t m agnitude i s  reach ed  f o r  an g les  g r e a te r  th a n  ~120 
d e g re e s . The c h a ra c te r  o f  th e  energy  in te g ra te d  d i f f e r e n t i a l  cross 
s e c t io n s  o b se rv ed  in  th e  p re s e n t  work a re  s im i la r  to  th o se  found a t  
h ig h e r  e n e r g ie s .19
I t  has been  p o in te d  o u t in  C hapter IV th a t  th e  shape o f th ese  
a n g u la r  d i s t r i b u t io n s  su p p o rts  th e  c o n te n tio n  th a t  more th a n  one 
p ro cess  i s  r e s p o n s ib le  f o r  th e  t o t a l  p ro to n  (and o th e r  secondary  
p a r t i c l e )  p ro d u c tio n . F u r th e r  ev idence f o r  t h i s  h y p o th esis  is  ob­
ta in e d  from  a com parison, a t  th e  same a n g le , o f  secondary  p ro to n  d a ta  
from  th e  n e ig h b o rin g  n u c lid e s ,  S6Fe and B4F e . These s p e c t r a ,  a t  20 
degrees f o r  in s ta n c e , a re  fo u n t to  have id e n t i c a l  c ro ss  s e c tio n s  in  
th e  en erg y  re g io n  above MeV (ex c lu d in g  d if fe re n c e s  in  peak s t r u c ­
tu re  caused  by  n u c le a r  le v e l  d i f f e r e n c e s ) .  However, th e  m agnitude 
o f th e  c ro ss  s e c t io n  in  th e  low energy  peak observed  in  i ro n  (see
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F ig .  2 5 ) i s  o n ly  70$ as la rg e  f o r  56Fe as f o r  B4F e . S ince  th e  p ro cess  
f o r  th e  low en erg y  (<10 MeV) p ro to n  p ro d u c tio n  is  a p p a re n tly  i s o t r o p ic ,  
i t  may be arg u ed  t h a t  th e  mechanism i s  compound n u c le a r  in  n a tu re  and 
f u r t h e r  t h a t  th e  p ro ce ss  co u ld  be n u c le a r  e v a p o ra tio n . Indeed , th e  
d if f e r e n c e  in  m agnitude betw een th e  low energy  d a ta  from  54Fe and 56 Fe 
can be can be e x p la in e d  by an  e v a p o ra tio n  p ro cess  s in c e  n eu trons sh o u ld  
p r e f e r e n t i a l l y  be ev ap o ra ted  from  66Fe ( th e re fo re  red u c in g  p ro to n  
e v a p o ra tio n )  as i t  i s  th e  more n e u tro n - r ic h  iso to p e . The c h a r a c te r ­
i s t i c s  which d o m in a te -th e  medium and h ig h  energy  p ro to n  p ro d u c tio n  a re  
th e  fo rw ard  p eak ing  and r a p id  d e c re a se  in  m agnitude w ith  in c re a s in g  
a n g le  o f th e  energy  in te g ra te d  d i f f e r e n t i a l  c ross  s e c t io n s .  Such an 
a n g u la r  d i s t r i b u t i o n  can be e x p la in e d  by a  d i r e c t  in te r a c t io n  p ro cess  
in  which th e  in c id e n t  nucleon  in t e r a c t s  o n ly  w ith  a  s in g le  t a r g e t  
nu c leo n  independen t o f  d e ta i l e d  s t r u c t u r e .  A nucleon-nucleon  i n t e r ­
a c t io n  o f  t h i s  ty p e  would acco u n t f o r  th e  e q u a l m agnitude in  th e  
medium and h ig h  en erg y  re g io n s  o f  th e  p ro to n  s p e c t r a  from 54 Fe and 
56F e .
The seco n d ary  p ro to n  d a ta  o b ta in e d  in  th i s  experim ent have been 
compared, in  th e  continuum  re g io n s ,  w ith  c a lc u la t io n s  based  on a  n u c le a r  
m odel w hich employs b o th  d i r e c t  and e v a p o ra tio n  mechanisms o f  secondary  
p a r t i c l e  p ro d u c tio n . The m odel, w hich is  m ost o f te n  c a l le d  th e  
in tra n u c le a r -c a s c a d e  model, p r e d ic ts  a b so lu te  cross s e c t io n s  so  t h a t  
th e  com parisons w ith  th e  e x p e rim en ta l r e s u l t s  a re  n o t " f i t s "  to  th e  
d a ta  as in  th e  case  o f  o p t i c a l  m odel c a lc u la t io n s .
The b a s ic  assum ption  o f th e  c a lc u la t io n  is  th a t  th e  in te r a c t io n  
o f  th e  in c id e n t  nucleons w ith  th e  nucleus can be re p re s e n te d  by
18^
s e q u e n t ia l  f r e e  n u c leo n -n u c leo n  c o l l i s io n s  in s id e  th e  n u c le u s . The 
u s u a l j u s t i f i c a t i o n  f o r  t h i s  assum ption60 is  t h a t  th e  w aveleng th  o f 
th e  in c id e n t  p a r t i c l e  is  o f  th e  o rd e r  (o r  le s s  th a n )  th e  in tra n u c le o n  
sp a c in g , ~10“ 13 cm. The d eB ro g lie  w avelength  0 0  o f a f r e e  nucleon  a t  a 
few e n e rg ie s  i s :
I t  is  seen  t h a t  th e  v a l i d i t y  o f th e  assum ption  o f  f r e e  n u c leo n -n u c leo n  
c o l l i s io n s  in  th e  nucleus in c re a se s  as th e  energy  o f th e  in c id e n t  
nucleon  in c re a s e s ,  and i t  is  n o t u n t i l  ~20 MeV th a t  th e  n u c leo n  w avelength 
equals  th e  in tra n u c le o n  s p a c in g . There m ust be a  re g io n  o f  energy  
above 20 MeV, perhaps in c lu d in g  60 MeV, in  w hich th e  assum ption  begins 
to  b reak  down.
The in t r a n u c le a r  cascade model was in tro d u ce d  by G o ld b erg er;61 
However M etro p o lis  e t  a l . 62 f i r s t  u t i l i z e d  com puter tech n iq u es  to  
c a lc u la te  th e  r e s u l t i n g  p a r t i c l e  s p e c t r a .  Monte C arlo  methods a re  
u sed  to  fo llo w  each in c id e n t  n ucleon  and any su b seq u en t r e a c t io n  p ro ­
ducts th rough  a  model n u c le u s . The in te r a c t io n s  which th e  nucleons 
undergo a re  b ased  on c ro ss  s e c t io n s  f o r  f r e e  p -p  and n -p  s c a t t e r in g .
60H. B e r t in i ,  P h y s . Rev. 131, 1801 ( 1 9 6 3 )j and Monte C arlo  C alcu­
la t io n s  on I n tr a n u c le a r  C ascades, 0RNL-3383 ( 19&3)•
6 1M. L. G o ldberger, P hys. Rev. j k ,  1269  (19**8)*
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The nucleons axe fo llo w ed  a long  t h e i r  " c la s s ic a l"  p a th s  in  t h e  nucleus 
u n t i l  th e y  e sc ap e , f a l l  below a  c u to f f  energy, o r have a  c o l l i s i o n  w ith  
a n o th e r  nucleon  ( th e n  th e  r e a c t io n  p roducts  a re  a ls o  fo llo w e d ) .  I n  t h i s  
manner a  "cascad e" o f nucleons may be formed and when no more p a r t ic le s  
can escape by th e  cascade p ro cess  th e  rem ain ing  en erg y  is  assum ed to  
become d i s t r i b u t e d  among a l l  th e  t a r g e t  nucleons and th e  r e s id u a l  
e x c i ta t io n  is  t r e a t e d  by  a  n u c le a r  e v ap o ra tio n  m odel.
The c a lc u la t io n s  shown in  t h i s  work were based on th e  i n t r a n u c le a r  
cascade  model o f  B e r t i n i . 60 In  t h i s  model th e  n u c le a r  d e n s i ty  d i s t r i b u ­
t io n s  found from e le c t r o n  s c a t te r in g  d a ta  a re  approxim ated b y  th re e  
c o n c e n tr ic  s p h e r ic a l  r e g io n s ,  i n  each o f  which th e  d e n s ity  was s e t  
- eq u a l to  th e  average v a lu e  which would be c a lc u la te d  from th e  e le c tro n  
d a ta  f o r  th e  re g io n . The nucleons were assumed to  have a z e ro  tem pera­
tu r e  Ferm i momentum d i s t r i b u t i o n  in  each reg io n . The p o t e n t i a l  energy 
(w e ll dep th ) in  each re g io n  was determ ined by th e  sum o f  th e  z e ro -  
tem p era tu re  Ferm i energy  o f  th e  nucleons in  th e  re g io n  p lu s  t h e  b in d in g  
energy  o f  th e  m ost lo o s e ly  bound nucleon , which was assumed t o  be 7 MeV 
f o r  a l l  n u c le i .  The model nucleus param eters used in  th e  c a lc u la t io n s  
f o r  p ro to n s  a re  shown i n  T able XXXVII. The r a d i i  l i 's t e d  are t h e  o u te r  
b o u n d aries  between th e  c o n s ta n t d e n s ity  reg io n s  o f  th e  model n u c le u s .
The p o te n t i a l s  l i s t e d  in c lu d e  th e  7-MeV nucleon b in d in g  energy .
The o u tp u t from th e  Monte C arlo  program o f  B e r t in i  i s  a  m agnetic  
ta p e  which l i s t s  k in em atic  param eters  f o r  each escap in g  n e u tro n  or 
p ro to n . These ta p e s  were analyzed  by th e  program BERDBIND63 w hich
----------S3---------------------
R. W. P e e l le ,  A Guide to  BERDBIND, and A n a ly s is  Program f o r  
H is to ry  Tapes from  th e  H. W. B e r t in i  I n tr a n u c le a r  Cascade C a lc u la t io n s , 
ORNL-CF-67 - 3 - 43 , (1967).
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TABLE XXXVII. INTRANUCLEAR CASCADE PARAMETERS
N ucleus
O uter Radius 
o f  Region 
(F)






B4Fe 1̂ .80 -31
6.55 -13
5.16 -in2°9Bi 7 .H -30
8.86 -12
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p ro v id e s  c a lc u la te d  d i f f e r e n t i a l  c ro ss  s e c t io n s  f o r  s e le c te d  energy 
and an g le  b in s . The e v a p o ra tio n , which c a r r i e s  o f f  th e  r e s id u a l  n u c le a r  
e x c i ta t io n  l e f t  a f t e r  each cascade i s  e s tim a te d  by th e  Monte C arlo  
program  EVAP64 which has been in c o rp o ra te d  in  th e  BERDBIND a n a ly s is  
program . The ev ap o ra tio n  c a lc u la t io n  i s  based  on th e  compound-nucleus 
th e o ry  o f  W eisskopf65 and assumes i s o t r o p ic  em issio n  o f  p a r t i c l e s .
The c a lc u la t io n  i s  capab le  o f  p ro d u c in g  e v a p o ra tio n  n e u tro n s , hydrogen 
is o to p e s  and helium  iso to p e s .
I t  was m entioned above , t h a t  one o f  th e  means by which a  p a r t i c u l a r  
cascad e  p ro ce ss  I s  te rm in a ted  i s  f o r  th e  cascade  p a r t i c l e  to  f a l l  
below  an a r b i t r a r y  c u to f f  energy. Once th e  n u cleon  has f a l l e n  below 
t h i s  energy i t  i s  assumed th a t  th e  p a r t i c l e  can escape o n ly  by th e  
e v a p o ra tio n  p ro c e ss . The c u to f f  energy  used f o r  th e  c a lc u la t io n s  
p re se n te d  h e re  was th e  Coulomb b a r r i e r  energy  ( to  n e a r e s t  1 MeV) f o r  
each  n u c leu s . These c u to f fs  w ere: 1SC, 2 MeV; B4Fe, 6 MeV; and S09B i,
l 6  MeV. The use o f a  " c la s s ic a l"  c u to f f  i s  in c o r r e c t  in  th e  sense  
t h a t  th e re  i s  a  p r o b a b i l i ty  o f  p e n e t r a t io n  o f  th e  p ro to n s  th ro u g h  th e  
Coulomb b a r r i e r .  For some c a lc u la t io n s  th e  r e s u l t  o f  ig n o rin g  th i s  
p e n e t r a t io n  p r o b a b i l i ty  i s  a  d i s c o n t in u i ty  in  th e  p r e d ic te d  c ro ss  
s e c t io n s  a t  th e  c u to f f  energy.
In  rev iew , th e  Monte C arlo  program  o f  B e r t in i  coupled w ith  th e  
Monte C arlo  e v ap o ra tio n  program  o f  D resn er p ro v id e s  a  p r e d ic t io n  o f  th e  
t o t a l  n o n e la s tic  p ro to n  energy spectrum  which i s  based  on two d i s t i n c t  
r e a c t io n  mechanisms. The cascade p o r t io n  o f  th e  c a lc u la t io n ,  which i s
64L. D resn e r, A FORTRAN Program f o r  C a lc u la tin g  th e  E v ap o ra tio n  o f 
V arious P a r t i c l e s  from E x c ited  Compound N u c le i , OREL-CF-61-12-30 , (1961).
6BJ .  M. B la t t  and V. E. W eisskopf, T h e o re t ic a l  N uclear P h y s ic s ,
(John  W iley and Sons, I n c . ,  New York, 1952), pp. 3^5•
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based  on a  d i r e c t  i n t e r a c t io n  assum ption , can produce secondary  
p a r t i c l e s  o v er a l l  e n e rg ie s  between th e  c u to f f  energy  and th e  e l a s t i c  
energy . I t  would be expected  th e n  t h a t  th e  p a r t  o f  th e  spectrum  p re d ic te d  
by t h i s  mechanism shou ld  co rrespond  t o  th e  e x p e r im e n ta lly  observed  
s p e c t r a  in  th e  re g io n s  a t t r i b u t e d  e a r l i e r  to  a  forw ard  peaked d i r e c t  
i n t e r a c t io n  p ro c e s s . However, i f  secondary  p ro to n s  a re  produced by  a  
d i r e c t  p ro c e ss  w ith  e n e rg ie s  l e s s  th a n  th e  c u to f f  (Coulomb b a r r i e r  f o r  
th e s e  c a lc u la t io n s )  th e  c a lc u la t io n s  w i l l  be in c a p a b le  o f  p r e d ic t in g  
th e s e .  On th e  o th e r  hand, th e  e v a p o ra tio n  p o r t io n  o f  th e  c a lc u la t io n  
i s  b ased  on an i s o t r o p i c ,  com pound-nucleus, mechanism and should  p r e d ic t  
t h a t  p o r t io n  o f  th e  observed  s p e c t r a  which i s  i s o t r o p ic  in  n a tu re ,  th e  
low energy  re g io n s .
Shown in  F ig s . 22, 30, and 38  a re  th e  c a lc u la te d  cascade p lu s  
e v a p o ra tio n  p ro to n  s p e c t r a  compared to  th e  ex p e r im e n ta lly  observed  
s p e c t r a  f o r  l3 C, 54F e , and s09B i, r e s p e c t iv e ly .  The c a lc u la te d  d a ta  
a re  shown as h is to g ram s and th e  e r ro r s  r e f l e c t  th e  s t a t i s t i c a l  e r ro r s  
in  th e  Monte C arlo  p ro c e s s . The ex p e rim en ta l e r ro r s  in  th e  s p e c tr a  
a re  q u i te  sm a ll, p erhaps no la r g e r  th a n  th e  w id th  o f  th e  ex p erim en ta l 
cu rv e . There i s  no c a lc u la t io n  shown on th e  21 -degree  d a ta  from  12C 
o r  on th e  15 -d eg ree  d a ta  from l4 Fe. I t  should  be p o in te d  o u t t h a t  th e  
ex p e rim e n ta l curves shown in  th e  f ig u r e s  l i s t e d  above do n o t in c lu d e  
th e  c ro s s  s e c t io n  p ro v id ed  by i n e l a s t i c  p ro to n  s c a t te r in g  t o  o b se rv ­
a b ly  d i s c r e t e  n u c le a r  l e v e l s .
The c a lc u la t io n  i s  seen  to  p r e d ic t  th e  shape o f  th e  observed  
s p e c t r a  re a so n ab ly  w e ll  a t  a l l  an g les  shown and f o r  a l l  t a r g e t s .  The 
c a lc u la t io n  f o r  B4Fe (and o th e r  t a r g e t s )  a t  15 degrees shows a  d e f i n i t e
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q u a s i - e l a s t i c  s c a t te r in g  p eak ; however, th e  d a ta  does n o t show th e  
p re sen ce  o f  t h i s  peak  and th e  d a ta  shows a  h ig h e r  c ro ss  s e c t io n  in  th e  
20- to  1+5-MeV re g io n  th a n  i s  p r e d ic te d .  I t  i s  in  g e n e ra l  found th a t  
th e  c a lc u la t io n  u n d e re s tim a te s  th e  number o f  p ro to n s  observed  a t  an g les  
o f  15 d eg rees  o r  l e s s .
Above 10 MeV and in  th e  a n g u la r  ran g e  from ~2 0 to  70  d eg rees  b o th  
th e  shape and th e  m agnitude o f  th e  observed  s p e c tra  a re  w e ll  e s tim a te d  
by th e  c a lc u la t io n .  F o r th e  i r o n  and b ism u th  c a lc u la t io n ,  i t  i s  found 
t h a t  th e  m agnitude o f  th e  h ig h  energy p o r t io n  o f  th e  s p e c t r a  f a l l s  
p r o g re s s iv e ly  low er th a n  th e  observed s p e c t r a  as th e  an g le  o f  o b se rv a ­
t io n  i s  in c re a se d  beyond 50 d e g re e s . In  th e  ca se  o f  carbon , th e  
p re d ic te d  m agnitude i s  h ig h e r  th a n  th e  o b se rv a tio n  betw een ~ 50  and 
60 degrees w h ile  f o r  an g les  l a r g e r  th an  60 deg rees th e  c a lc u la t io n  
in c re a s in g ly  u n d e re s tim a te s  th e  h ig h  energy  c ro ss  s e c t io n . However, 
th e  u n d e re s tim a te  o f  th e  h ig h  energy  c ro ss  s e c t io n  i s  n o t as la rg e  f o r  
13C as f o r  th e  o th e r  t a r g e t s  and th e re  i s  an a p p a ren t tre n d  f o r  t h i s  
u n d e re s tim a te  to  in c re a s e  w ith  in c re a s in g  t a r g e t  m ass.
I t  i s  p o s s ib le  to  compare th e  p re d ic te d  cascade ( d i r e c t  in te r a c t io n )  
c ro ss  s e c t io n s  t o  t h a t  p a r t  o f  th e  m easured c ro ss  s e c t io n  w hich i s  
a t t r ib u te d  to  a  d i r e c t  p ro c e ss  by s u b tr a c t in g  from th e  m easured c ro ss  
s e c tio n  a t  a l l  an g le s  th e  i s o t r o p ic  c ro ss  s e c t io n  observed  a t  th e  back 
an g les . To make th e  com parison fo r  B4F e, th e  m easured e n e rg y - in te g ra te d  
c ro ss  s e c t io n s  (T ab le  XXVT) f o r  155 and l6 o  deg rees were averaged  and 
t h i s  average was s u b tra c te d  from th e  e n e rg y - in te g ra te d  c ro ss  s e c t io n  a t  
o th e r  an g le s . In  th e  ca se  o f  209B i, th e  e n e rg y - in te g ra te d  c ro ss  s e c t io n  
o b ta in ed  a t  155 d eg rees  was s u b tra c te d  from th e  c ro ss  s e c t io n  a t  th e  
o th e r  a n g le s .
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T able  XXXVIII l i s t s  th e  m easured " d i r e c t"  and c a lc u la te d  cascade 
c ro ss  s e c t io n s .  The m easured c ro ss  s e c tio n s  in c lu d e  th e  c o n tr ib u t io n  
from d is c r e te  i n e l a s t i c  peaks. The e r ro r s  shown on th e  c a lc u la te d  
v a lu es  a re  b ased  on th e  Monte C arlo  s t a t i s t i c s .  I t  sh o u ld  be p o in te d  
o u t t h a t  th e  c a lc u la te d  cascade c ro ss  s e c t io n  can ex ten d  no low er in  
energy  th an  th e  c u to f f  used which was th e  approxim ate Coulomb b a r r i e r .  
However in  th e  case  o f  bo th  iro n  and b ism uth i t  seems th a t  th e  non­
is o t r o p y  ( in c re a s e )  in  th e  low energy c ro ss  s e c t io n  a t  sm a ll an g les i s  
caused b y  a c o n tr ib u t io n  from th e  d i r e c t  p ro c e ss . S in ce  p a r t  o f  t h i s  
c o n tr ib u t io n  i s  below  th e  Coulomb b a r r i e r ,  th e  c a lc u la t io n  cannot 
account fo r  i t .
The r e s u l t s  i n  th e  ta b le  show g e n e ra lly  th e  same agreem ent as i s  
observed  on th e  com parisons in  F ig s . 30 and 3 8 . F o r sm all an g les  th e  
c a lc u la te d  c ro s s  s e c t io n s  show a d ecrease  in  m agnitude from a  peak a t  
~20  d eg rees . The d a ta ,  a t  l e a s t  down to  d e g re e s , shows no such 
tu rn o v e r  in  th e  c ro ss  s e c tio n  m agnitude f o r  i r o n  o r  b ism uth . In  th e  
a n g u la r  reg io n  betw een 20 and ~70 d eg rees, th e  agreem ent betw een th e  
m easured and c a lc u la te d  c ro ss  se c tio n s  i s  q u ite  good, however a t  ang les  
l a r g e r  th an  70 d eg rees  more p ro to n s  a re  observed  th a n  a re  p re d ic te d  
by th e  cascade c a lc u la t io n .
In  summary, i t  i s  f e l t  th a t  th e  in tra n u c le a r -c a s c a d e  model g iv es  
s u rp r is in g ly  good e s tim a te s  o f  th e  m agnitude and shape o f  th e  m easured 
c ro ss  s e c tio n s  p a r t i c u l a r l y  in  view of th e  low in c id e n t  p ro to n  energy .
The agreem ent betw een th e  c a lc u la te d  and m easured s p e c t r a  in  th e  
low eneigy reg io n s  i s  n o t as good as th a t  in  th e  cascad e  p o r t io n .  The 
m ost o u ts ta n d in g  d isagreem ent between th e  d a ta  and th e  e v a p o ra tio n
TABLE XXXVIII. COMPARISON OF EXPERIMENTAL AND CALCULATED "DIRECT" CROSS SECTIONS
54.Fe 2 0 9 Bi
Experim ent a l Cascade E xperim en tal Cascade
Lab. Angle 
(deg)
Cross S ec tio n  
(m b/sr)




Cross S e c tio n  
(m b/sr)
Cross S e c tio n  
(m b/sr)
15 280 191 ± 11 15 1*35 230  ±  1 6
20 190 189 ± 8 20 253 205 ± 11
50 lltO l 6 l ±  6 25 195 169  ±  10
55 113 ll*2 ± 6 30 150 169  ± 8
1*0 99 118 ± 5 97 92  ± 6
85 92 ± 3 .7 60 56 38  ±  2 . 1*
50 73 71* ± 5 .9 90 18 1*.8 ±  O.7 8
65 1*7 35 ± 2 110 6 .5 2 .5
TO 36 26 ± 2
90 ll* 8 .3 ± 0 .7 2
110 7-6 3 .2 ± 0 .2 6
155 0 .5 3  ± 0 .1 6
VO
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c a lc u la t io n  i s  in  th e  m agnitude o f  th e  c ro ss  s e c t io n  in  th e  e v a p o ra tio n  
peak. A lthough th e  shape o f th e  low energy  ev a p o ra tio n  i s  w e ll  
rep roduced , th e  p r e d ic te d  m agnitude i s  c o n s id e ra b ly  h ig h e r  th a n  t h a t  
observed . I t  i s  a lso  found t h a t  th e  p r e d ic te d  low energy  c u to f f s  fo r  
B4Fe and 209B i a re  h ig h e r  th a n  th e  o b serv ed  c u to f f s .  F o r exam ple, 
secondary  p ro to n s  from th e  B4Fe t a r g e t  were i d e n t i f i e d  w ith  e n e rg ie s  
as low as 1 MeV, and a lth o u g h  th e  c ro s s  s e c t io n s  co u ld  n o t be determ ined  
due to  th e  t im e - o f - f l ig h t  fo ld o v e r ,  p ro to n s  were em itte d  by th e  iro n  
ta r g e t  w ith  secondary e n e rg ie s  l e s s  th a n  1 MeV. However, th e  evapora­
t i o n  c a lc u la t io n  p re d ic te d  a  c u to f f  a t  ~  2 .8  MeV.
Perhaps th e  most i n t e r e s t i n g  d isc re p a n c y  betw een th e  e v a p o ra tio n  
c a lc u la t io n  and th e  d a ta  i s  t h a t  found a t  th e  back a n g le s . I t  has been 
seen t h a t  th e  secondary p ro to n  s p e c t r a  from a l l  t a r g e t s  f o r  an g les  
g r e a te r  th an  ~120 degrees a re  i s o t r o p i c .  I f  th e  p ro c e ss  f o r  th e  p ro ­
d u c tio n  o f t h i s  i s o t r o p ic  d i s t r i b u t i o n  i s  a  compound n u c leu s  evapora­
t io n  p ro cess  o f th e  ty p e  used in  th e  B e r t in i  c a lc u la t io n s ,  th e n  th e  
c a lc u la t io n  would be expected  t o  ag ree  w ith  th e  observed  back ang le  
d a ta . (At back ang les no cascad e  p ro to n s  a re  p re d ic te d  by th e  B e r t in i  
m odel.) I t  has a lre a d y  been p o in te d  o u t above th a t  th e  c a lc u la te d  
e v ap o ra tio n  m agnitude i s  to o  h ig h  in  th e  peak  and i s  c u t o f f  a t  to o  
h ig h  an energy ( f e a tu re  o b serv ed  a t  a l l  a n g le s ) ,  and in  a d d it io n  a t  
th e  back an g les  (see  F ig s . 22, 20 , and 3 8 ) th e  p r e d ic t io n  does n o t 
account f o r  th e  h ig h  energy  d i s t r i b u t i o n  observed . Only in  th e  case  o f  
carbon does th e  e v a p o ra tio n  c a lc u la t io n  p ro v id e  an amount o f  h ig h  
energy  c ro ss  s e c tio n  t h a t  m atches th e  d a ta . I t  i s  a l s o  observed  th a t  
t h i s  d isc rep an cy  becomes l a r g e r  w ith  in c r e a s in g  t a r g e t  m ass. I t  appears
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th e n  t h a t  th e  i s o t r o p ic  d i s t r i b u t i o n  observed  canno t be e x p la in ed  by 
th e  co n v en tio n a l e v a p o ra tio n  p ro c e ss  employed in  th e s e  c a lc u la t io n s .
I t  i s  perhaps p o s s ib le  t h a t  th e  mechanism re s p o n s ib le  f o r  p roduc­
t i o n  o f  t h i s  h ig h  energy  i s o t r o p ic  c ro ss  s e c tio n  i s  n o t compound- 
n u c le a r  i n  n a tu r e ,  b u t  an i s o t r o p i c  d i r e c t  i n t e r a c t io n  mechanism.
Some ev idence fo r  t h i s  c o n te n tio n  i s  o b ta in ed  from th e  o b s e rv a tio n  
t h a t  th e  amount o f  i s o t r o p ic  c ro ss  s e c t io n  no t accoun ted  f o r  by th e  
e v a p o ra tio n  c a lc u la t io n  in c re a s e s  r a th e r  s te a d i ly  as th e  t a r g e t  mass 
i s  in c re a se d . However, t h i s  argument i s  based o n ly  on o b se rv a tio n s  
from th r e e  t a r g e t s  and i s  a t  b e s t  s p e c u la tiv e . H o p e fu lly , a n a ly s is  
o f  d a ta  ta k e n  from t a r g e t s  i n  o th e r  mass reg io n s  w i l l  i l lu m in a te  t h i s  
problem .
C. D eu teron , T r i to n ,  H elium -3, and A lpha S p ec tra
The m ost n o ta b le  t re n d  in  th e  s p e c t r a  o f th e  secondary  charged 
p a r t i c l e s  i s  th e  s im i l a r i t y  betw een th e  shapes o f  th e  p ro to n , d e u te ro n , 
t r i t o n ,  h e liu m -3 , and a lp h a  s p e c t r a ,  in  th e  h ig h  energy  re g io n s . This 
t r e n d  i s  seen  in  th e  s p e c tr a  from carbon , i ro n ,  and b ism uth  and i s  
found a t  a l l  an g le s .
I t  has been p o in te d  o u t in  C hap ter IV t h a t ,  n o t o n ly  a re  the- 
shapes o f  th e  p ro to n  and o th e r  charged p a r t i c l e  s p e c t r a  s im i la r ,  b u t 
th e  b e h av io r  o f  th e  p ro d u c tio n  c ro ss  s e c t io n  as a  fu n c tio n  o f  an g le  i s  
a ls o  s im i la r  between th e  p ro to n s  and o th e r  p a r t i c l e s .  By th e  same 
argum ent used f o r  th e  p ro to n  p ro d u c tio n , i t  can be argued t h a t  th e  
mechanism f o r  p ro d u c tio n  o f  th e  o th e r  charged p a r t i c l e s  c o n s is ts  o f  
more th a n  one p ro c e s s ;  an u n d e rly in g  i s o t r o p ic  p ro c e s s ,  p erhaps
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compound n u c le a r  in  n a tu r e ,  which i s  enhanced a t  an g les  sm a lle r  th an  
~  120 d eg rees  by a  s tro n g ly  forw ard peaked d i r e c t  i n te r a c t io n  mecha­
nism .
A lthough th e  in t r a n u c le a r  cascade  p lu s  e v a p o ra tio n  model d esc rib ed  
in  th e  p re v io u s  s e c t io n  canno t p r e d ic t  cascade p a r t i c l e s  o th e r  th an  
n eu tro n s  and p ro to n s  (p io n s  a re  p r e d ic te d  when in c id e n t  energy  i s  h igh  
enough) th e  e v a p o ra tio n  c a lc u la t io n  can produce o th e r  charged p a r t i c l e s .  
F ig u re  k j  shows th e  s p e c t r a  o f  p ro to n s ,  d e u te ro n s , t r i t o n s ,  h e liu m -3 's ,  
and a lp h as  and th e  cascade p lu s  e v a p o ra tio n  f o r  th e  p ro to n s . I t  i s  
c le a r ,  from th e  com parison o f  th e  e v a p o ra tio n  c a lc u la t io n  w ith  th e  
d a ta  fo r  th e  d e u te ro n s , t r i t o n s ,  h e l iu m -3 's ,  and a lp h a s , t h a t  th e  
c a lc u la t io n  p r e d ic t s  th e  low energy peaks a t  app ro x im ate ly  th e  r ig h t  
energy ; how ever, th e  p r e d ic te d  c u to f f  energy i s  to o  h ig h  as i t  was fo r  
th e  p ro to n s . P erhaps more s t r i k in g ,  however, i s  th e  m agnitude o f  h igh  
energy  c ro ss  s e c t io n  f o r  each o f  th e  p a r t i c l e s .  I t  i s  c l e a r  t h a t  th e  
e v a p o ra tio n  c a lc u la t io n  canno t account f o r  t h i s  la r g e  h ig h  energy  c ro ss  
s e c t io n . As i n  th e  case  f o r  p ro to n s  d e sc rib e d  in  th e  p rec e d in g  s e c t io n , 
th e  e v a p o ra tio n  c a lc u la t io n  does n o t account f o r  th e  h ig h  energy c ro ss  
s e c t io n  observed  in  th e  s p e c t r a  o f  each  p a r t i c l e  ty p e  even a t  th e  
l a r g e s t  an g le s .
I t  would ap p e a r , th e n , t h a t  th e  forw ard  peaked h ig h  energy  c ro ss  
s e c t io n  observed  in  th e  s p e c t r a  o f  d e u te ro n , t r i t o n ,  h e liu m -3 , and 
a lp h a  p a r t i c l e s  i s  produced b y  a  mechanism o f th e  d i r e c t  in te r a c t io n  
ty p e . 'E xperim en ts perform ed w ith  h ig h e r  energy  in c id e n t  p ro to n s 18 ’ 16' 30 
have observed  s p e c t r a  f o r  th e  secondary  d eu te ro n , t r i t o n ,  h e liu m -3 , and 
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F ig .  ^5 . Charged P a r t i c l e  S p e c tra  from  54Fe a t  60 Degrees 
Compared w ith  In tr a n u c le a r  Cascade and E v a p o ra tio n  C a lc u la tio n s
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In  each s tu d y , a  c o n s id e ra b le  h ig h  energy c ro ss  s e c tio n  was observed  
a t  a l l  an g les  which cou ld  n o t be ex p la in ed  on th e  b a s is  o f  an evapora­
t i o n  p ro c e ss . These experim ents have a ls o  found th a t  th e  s p e c t r a  o f 
a l l  charged p a r t i c l e s  a re  s im i la r  in  shape, as was observed in  th e  
60 -MeV d a ta .
A second mechanism f o r  com posite secondary  p a r t i c l e  p ro d u c tio n  i s  
t h a t  o f  d i r e c t  nucleon  p ic k -u p . In  t h i s  p ro cess  th e  in c id e n t  n u cleon  
becomes a s s o c ia te d  w ith  a t a r g e t  nucleon . In  th e  forw ard d i r e c t io n s  
i t  i s  n o t d i f f i c u l t  t o  conceive  o f  a  momentum match; however, a t  la rg e
a n g le s  such as 90  d e g re e s , th e  t a r g e t  nucleon  would be re q u ire d  to  
have an u n reaso n ab ly  h ig h  momentum to  become a s so c ia te d  w ith  th e  
in c id e n t  nucleon . R eac tio n s  which a re  c re d i te d  to  th e  d i r e c t  p ick -u p  
mechanism, such  as (p ,d )  r e a c t io n s  to  d is c r e te  le v e ls ,  a re  found to  
have v ery  forw ard peaked d i f f e r e n t i a l  c ro ss  se c tio n s  ( fo r  exam ple, see 
P ig . 37; 309B i( p ,d ) 302B i) .
The d eu te ro n  s p e c tr a  o b ta in e d  in  t h i s  experim ent as w e ll  as th o se  
a t  and I 5620 MeV show th e  p re sen ce  o f  more, h ig h  energy d eu te ro n s
( th e  same argument h o ld s  f o r  t r i t o n s )  a t  la r g e  ang les  (>60  d eg rees) 
th e n  would be accounted  fo r  by th e  d i r e c t  p ick -up  p ro c e ss . The d eu te ro n  
and t r i t o n  d a ta  o b ta in ed  in  re fe re n c e s  15  and 20 have been d isc u sse d  
on th e  b a s is  o f  an in d i r e c t  p ick -u p  mechanism. T his p ro c e ss , c r e d i te d  
to  B ran sd en ,66 a lso  seems a p p lic a b le  to  th e  d a ta  o b ta in ed  a t  60 MeV.
In  t h i s  p ro c e ss  i t  i s  assumed th a t  cascade n u c leo n s , produced by 
nu c leo n -n u c leo n  c o l l i s io n s  in  a  manner such as d esc rib ed  in  th e  l a s t  
s e c t io n ,  can p ic k  up t a r g e t  nucleons b e fo re  le a v in g  th e  n u c le u s . In  
t h i s  case  th e  cascade n ucleon  has been s c a t te re d  from  th e  fo rw ard
66B. H. B ransden, P roc . Phys. Soc. A65 , 738 (1952).
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d i r e c t io n ,  so th e  momentum r e q u ire d  hy  th e  t a r g e t  n uc leon  to  m atch 
th e  cascade nucleon  momentum ( to  fo rm  a  com posite p a r t i c l e )  is  n o t 
un reaso n ab ly  la rg e .  Such a  p ic k -u p  p ro c e ss  would be expected  to  le a d  
to  a  s im i l a r i t y  in  shape betw een th e  p ro to n  and d eu te ro n  ( f o r  example) 
s p e c t r a  in  th e  h ig h  and medium energy  re g io n s  as i s  observed .
S ince th e  p ro d u c tio n  o f charged  p a r t i c l e s  o th e r  th an  p ro to n s  appears 
to  be  composed o f  a t  l e a s t  two d i f f e r e n t  m echanisms, th e  t o t a l  c ro ss  
s e c t io n  f o r  p a r t i c l e  p ro d u c tio n  by each  mechanism can be o b ta in e d  as 
i t  was f o r  p ro to n s , by s u b tr a c t in g  th e  i s o t r o p ic  c o n tr ib u t io n  found a t  
back ang les  from a l l  o th e r  a n g le s . The c o n tr ib u t io n  to  th e  t o t a l  c ro ss  
s e c tio n s  (m ilT ib arn s) f o r  p ro d u c tio n  o f  th e  v a r io u s  ty p e s  o f  p a r t i c l e s  
a re  l i s t e d  in  T able XXXIX f o r  b o th  r e a c t io n  mechanisms. A lso  l i s t e d  
on t h i s  ta b le  f o r  th e  l,d i r e c t ,, c ro ss  s e c t io n s  a re  th e  r a t i o  o f th e  
p ro to n  " d i r e c t"  c ro ss  s e c t io n  to  th e  d e u te ro n , t r i t o n ,  e t c . ,  d i r e c t  
c ro ss  s e c t io n .
The r a t i o  o f  th e  number o f  observed  p ro to n s  to  th e  number o f 
observed d eu te ro n s  has been  found to  be betw een ~  10 and 20$ over a  
very  la rg e  range o f in c id e n t  p ro to n  e n e rg y .16,20 I t  has a ls o  been do 
found th a t  th e  m agnitude o f  th e  t r i t o n  p ro d u c tio n  i s  ~  1 to  3$ o f  t h a t  
f o r  th e  p ro to n s . I t  shou ld  be p o in te d  o u t,  however, t h a t  th e  e x p e r i­
ments re p o rte d  in  r e fe re n c e s  15 and 20 d id  n o t cover th e  e n t i r e  
secondary  energy range.
I t  i s  found in  th e  p r e s e n t  work, as i s  shown in  T ab le  XXXIX, t h a t  
h igh  energy  d eu tero n s c o n tr ib u te  a  s ig n i f i c a n t  p o r t io n  o f  th e  t o t a l  
charged p a r t i c l e  f lu x  produced by  6o-MeV p ro to n s  from a l l  t a r g e t s  
s tu d ie d . I t  i s  im p o rtan t to  n o te  t h a t  m ost o f  th e  d eu te ro n s  observed
•v
TABLE XXXIX. "DIRECT" AND ISOTROPIC CROSS SECTIONS
1---------------------------------------------------------------------------------------------
"D ire c t"  Cross S ec tio n  and R a tio  to  P ro to n  Cross S ec tio n
( m i l l ib a r n s )
T a rg e t P ro ton D euteron T r i to n Helium-3 A lpha
12C 217 ^9 (23^) 5 .5  (2 .5 1o) 9 .8  (4.556) 119 (5556)
54Fe 455 48 (1156) 3 .9  (0 .9 i ) 3 .7  (O .856). 17 (3-7$)
3°9B i 566 78 ( l4 $ ) 2 0 .0  ( 3 - 5$) 1 .7  (0 .3 $ ) 17 (3 .0 f )
I s o t r o p ic  Cross S ec tio n  
(m il l ib a rn s )
12C 132 1 .6 1 .5 5-0 54
54Fe 816 22 .2 1*7 1 .8 119
209Bi. 133 1 3 .0 5-0 0 .2 8 1 2 .0
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a re  produced by th e  " d i r e c t"  mechanism w ith  en e rg ie s  in  th e  ran g e  of 
20 to  50 MeV. I t  i s  a ls o  o b serv ed  t h a t  th e  " d i r e c t"  a lp h a  c ro ss  s e c t io n  
is  o n ly  a p p re c ia b le  f o r  th e  carbon  t a r g e t ,  where d i r e c t  knockout o f 
a lp h a  c lu s te r s  may be more im p o rtan t th a n  f o r  th e  o th e r  t a r g e t .  Most 
o f th e  seco n d ary  a lp h as  o b serv ed  from th e  o th e r  t a r g e t s  a re  low -energy  
a lp h a s . The p ro d u c tio n  o f  m ass-3  p a r t i c l e s  o f e i t h e r  h ig h  o r low 
en e rg ie s  account f o r  o n ly  a  v e ry  sm all p e rc en tag e  ( l  to  3) o f  th e  
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APPENDIX A
AVERAGE GROSS SECTIONS FROM AE X E ANALYSIS 
The ta b le s  w hich appear in  t h i s  appendix  l i s t  th e  c ro ss  s e c t io n s  
a t  each a n g le  o f  o b s e rv a tio n  f o r  p ro to n s , d e u te ro n s , t r i t o n s ,  he H um -3 ’s 
and a lp h as  from  lS C, B4Fe, and 3o9B i. The c ro ss  s e c t io n s  a re  shown 
averaged  over ~1-MeV-wide energy  in t e r v a l s ,  th e  l i s t e d  en e rg y  (MeV) 
co rresp o n d in g  to  th e  i n t e r v a l  c e n te r .  The c ro ss  s e c t io n s  l i s t e d  h e re in  
a re  th o se  m easured in  th e  AE X E system , ex c lu d in g  o n ly  p ro to n  e l a s t i c  
s c a t t e r i n g .  The c ro ss  s e c t io n s  and th e  e r r o r s ,  w hich a re  o n ly  s t a t i s ­
t i c a l ,  a r e  b o th  g iv en  in  m ill ib a rn s /(s te ra d ia n * M e V ). These e r ro r s  
sh o u ld  be c o n s id e re d  w ith  th e  sy s te m a tic  e r ro r s  d isc u s s e d  in  C hap ter 
I I I ,  S e c t io n  D, and C hapter IV, S e c tio n  G.
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TABLE A l l .  Protons from xaC Bombarded by 6o-MeV Protons
15 deg -  Run 7110
(mb-ster-1-MeV_1)
i , 0 3 2 . 4 4 ,  U6
. 2 , 5 3 . . . . 9.6
6 . 7 3 2 . 8 0 • 07
- h u  .... . 2 , 5 3 il)7
0 . 0 2 2 . 8 8 ,U7
........ 1x69.______ .,JJ5
1 <J . V | 1-57 .U5
- L i . . 1 , 5 5 ........... .. . . .05.
I -J.JO 1 . 47 . 8 5
J i . 0 5  . . . . . . 1 . 4 5  . . 0 5
10 . 10 1 . 63 . 0 5
L 2 . 1.4...... . . J .61.  . . 0 5
1 / .  19 1 . 69 • 05
j i x i d - .. „ . . 1x 7 .5 . . . -x-05
1 9 , 2 8 1.71 . 0 5
.23.  3 3____ . i . a o  . . . . 05
2 1 . 3 7 1.81 . 05
2 d . 22 _  .... .... 1 . 8 0 - . , 0 5
2 d . 9 6 1 . 78 , 0 5
2 9 ,  5 1 J . 9 0 _______ xll6
2 3 . 3 6 1 , 73 , 0 5
2 i , i 0 „ . . . . - 1 ,72 . . 0 5
2 / . 0 5 1 . 68 . 0 5
s w a - . - . -Lx.».D......— . 0 6
2 9 .  / 4 1.91 . 0 6
3 J . / 9  .... _ . l x2 3 ..,.0.6.
31 . 0 3 1 . 7 4 ,05-
d i ^ a .  .1.82. .  _... . 06
3 3 . 9  3 2 , 1 7 . 0 6
J 9 . 9 Z ____ . 2 . 1 7 .............. . 0 6
3 0 ,  U2 2 . 2 5 , 0 6
AixJLZ_______2 , 2 9 _______ .,.06
3 0 , 1 1 2 . 7 4 . 0 7
3 9 , 1 6 2 . 2 1 ......... . 06
4 3 . 2 0 1 . 9 7 . 0 6
l l j d S . , 2 . 1 6 .......... , 0 6
4 2 . 3 0 1 . 90 , 06
A3 x34_ . . . 1 , 1 5 _______ _.J0.4 .
4 9 . 3 9 1 . 60 . 0 5
.43,4.4. - 2 . 2 4 _______ . . , 06
4 0 . 4 8 1 . 03 , 0 4
4 9 x 3 3 . _ i  . 5 9  -  _  . .JO 5
4 0 , 3 7 1 . 1 5 . 0 4
4 4 . 0 2 1x07----------- .,0.4..
5 3 . 0 7 2 . 3 1 . 06
5 i  x (  1_____ . . . 1 , 0 8 ______ ,04_
5 2 . 7 6 1 . 13 . 04
5 i .o j 0  .. . xZ9 ........... . , 0 4 .
5 4 . 0 5 -71 « U3
5 3 . 4 0 - 4 0 x 3 6 — ...... ... .. xj .3.
5 0 . 4 4 1.01 .04
57^.49......... . . . 9 2 ___  . . . 0 4  .
20.8 deg -  Run 2007 25 deg •  Run 2052 JO deg -  Run 2000
_ a Error _ __  a Error -  a  ErrorEnergy _____ Energy ______  _____ Energy _____
(Me7) (mb-ster- 1•MeV"1) M̂eV̂ (mb-ater- 1-MeV"1) K̂eV̂  (mb-ster"1-MeV_1)
4.62 2.71 .10 4.63 3.n7 .10 4.65 2.20 • ns
5.68 2.74 - 10 5.68 3.16 .10 5 .7 | 2.17 .05
6,73 2.69 • 10 6.72 3.55 .10 6.77 1.92 .05
’ 7.79 2.56 .09 7.77 3.33 .10 7,83 2.01 .05
8.84 2.24 .09 8.82 2.46 .09 8.89 . .  1..53 .04
9.90 1.36 . 07 9.86 1.21 .06 9.95 1.53 .04
10.95 1 .34 .07 10.91 1 .08 .86 1 1.01 1.50 .04
12.01 1.36 .07 11.95 1 « 13 • 06 12.07 1,38 .04
13,06 1.27 .n7 13.00 1. 14 •06 .13.13 1.44 • O4
14.12 1.22 .07 14.05 1.03 .06 14.19 1.40 .04
15.17 -L.49 . 02- 15.09 ■. 13 • 1)8 15.25 1.53 .04
16.23 1.47 .07 16.14 1 • 17 .06 | 6 . 3) 1.44 .04
17.28 1 .39 • n7 17.18 1.22 .06 17.38 1.43 • n4
18.34 1 .56 .07 18.23 1 . |4 • 06 18,44 l .5 | • 04
19.39 - Ax58 -xJ17 — 1 9.28__ 1,25____ __,.d6_____ .19,5fl . .  1,5.2 — 104
120.45 1.51 .07 20.32 1.33 • 06 20.56 1.57 .04
2 1,5.0 Lx.62 .06 2 L«_37 1.36 .1)6 21.62 1.45 .04
.22.56 1.64 .08 22.41 1.31 ,06 ,22.68 1,46 .04
1 .66 .08 23.46 1.36 .06 23.74 1.45 .04
54.67 1.66 .08 24.51 1 .33 .06 •24.80 1,53 .04
25.72 1 .62 .08 25.55 1.47 .07 25.86 1.43 .04
e6.7B 1.62 • 08 26,60 1.57 .07 26,92 1.44 .04
C7.83 1 .79 • .08 27,64 1.46 .07 27.98 1.53 .04
28.89 1.80 .08 28,69 1.56 .07 .29.04 1.59 .04
29-'94 1.75 .08 29.74 1.61 .07 ,30.10 1.55 .04
31.00 1.96 .08 30.78 1.60 .07 ‘31.16 1,62 .04
22,05 2.09 .09 31.83 1.65 .07 32.23 1.69 .04
357lT ' 2.11 •09 32.87 1.70 .07 33,29 1.61. .04
n4, 16 2.40 • 09 33.92 1.74 .07 34,35 1.58 . O4
35722" 2.45 • 09 34.97 I .80 •07 35."4| 1.47 • 04
36.27 2.64 .10 36.01 1.81 .07 36,47 1.57 .04
ilT.73' 2.68 •10 37.06 1.93 • 08 1*7,53 1,56 .04
3 8 .3B 3.22 . 1 1 38.10 2. IB .08 ■38,59 1.96 .05
39.44 3, |3 • 10 139.15 2.36 •Sa .3 4,65 1.54 .04
40.49 2.99 .10 140.20 2.03 .08 4 0 . 7 1 1.67 .04
•4 | .55 3.27 .11 ;4 1,24 2.22 .08 41.77 1.60 .04
42.60 3.44 .11 '42.29 2.24 .08 42.83 .93 .03
43.66 2.54 • 09 (43,33 1.55 .07 43,89 1.40 .04
44.7i 3.23 .11 ;44.38 2.07 .OB 44.95 2.13 .05
45,77 3.93 .12 '45743..... 27 62 .09 46.01 1.32 .04
46.82 3. 1 5 ,10 (46.47 2,02 .08 47.08 .90 .03
47.88 3.39 . 1 1 I47752" ‘ ' 2.00 • 08 48, 14 .95 .03
48.93 3.34 .  1 1 148.56 2.24 .n8 49.20 .76 .03
49.99 3.44 . 1 1 49.61 1 .92 .08 50.26 1.13 .04
5 |.fl4 4.26 .12 50.66 3.08 .10 51.32 2.55 .05
52. 10 3732 .11 5 |.7o 4.69 .12 52.38 .76 .03
53.15 3.20 . 11 ■52.75 1.52 .07 53.44 .70 .03
■54.21 2.93 .10 153,79 1.59 .07 .54,50 .28 .02
155.26 2.66 .10 54.84 1.10 .06 155,56 4.77 .07
156.32 10.35 .19 55,89 3.09 .10 56,62 7,64 .09
.57.37 4.73 .13 56.93 9.16 .17 ,57.68 .21 . - • Q? .~S S'. 43 2.47 .09 57.98 .99 • 05
TABLE A I  2. Protons from l3C Bombarded by Go-MeV Protons
35 deg -  Bun 2001 80 deg -  Bun 20J3
Energy CT Error F-ergy a Error
(MeV) (mb- ster"1•MeV1) (MeV) (mb* ster-1 .MeV"1)
4,63 2.11 ,06
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(mb.ster-1- (mb* ster-1 "MeV1)
• • . 0 4 1.71 .02 4 . 0 5 1.53 .01
5.60 ____ 1,59 ... ,02 _a.£0_ _ . .  . 1.35 ,UI
6 . /3 1.46 .02 6.75 1.21 .01
_ 7 , / 8 - _ . . .1,31 . .02 -JfiHD.. .. .1.D5. .01
0 . 0 2 1.33 ,02 0,65 I.C8 .01
9,67 >01 _ i . 9 p .... . . .  .80. .*01
10,92 .90 .01 1 0 , 9 5 .73 • 01
. U j *7. . .......- . .8 6  . _. • 01 ±2 tiO . . . . . ,75. ,y i
IO.UI .84 .01 |o ,0 5 .74 ,01
.11,06.. .. . .82 ,01 I 4 ,  10 . .71 . >0.1
i a . i l • B8 .Ul IS. [5 .68 .01
16.15 . . . .  -  . ,85 .01 10,40 . ......  .64 ,41
1 / . 2  0 .84 ,01 17,25 .60 • Ul
-LO ^S- _____ , a i .... ,01 1 2 , 0 0 . . . . . , 5 6 . • III
19.29 .82 ,01 |9 .0 5 .55 ,01
.20,04. ,8 3 .  .. . ,01 2 0 , 3 0 . ... .56 ,01
21 .09 .83 .Ul 21 ,45 .54 .01
24,24. .. ,8 2  .. ,UJ . 2 2 ,4 9 .  ... .. ..  .54 . ............ ,01
20.48 .81 .Ul 20.34 • 50 • Ul
-2i*a3_. _____ ,79.. . . . . ,0 1 2 2 ,3 9 .  . , 4 8 ,01
23.38 .81 .01 28.04 .44* • Ul
.2.6,62 . . . .  .77 ,01 go . 0 9 . . .47 .•01.
2 / .6 7 .77 .01 277/4 .45 • 01
^ a , / 2  .. .......... 7 9 ........ - . 0 1 2 2 ,7 9 ____ , 4 | .......  *01
29.76 .74 ,01 29.64 • 40 • 01
_30,ij__ 7 4 . . . . . .01 30,69— ____ .39 _ *01
31 .66 .71 .01 3 1 . 9 4 ,33 .01
34t 9i . . ,6 6  _. .......,0 1 . -3.2,99. - .3 2 ___  .,01
30.95 .58 .01 34. U4 .37 .01
3S.OQ. . .60 . .  . .01  .. 38, J 9 _ - ....... ,43 . ......... ,U|
36.05 ,73 .01 '3 0 . ?4 .41 ,01
3/.U9 _ _*_62 __ .0.1......... 3 ? .  ?9 -.45- . .. . *-U!
36. 14 .81 .01 30.24 .30 .01
-39, i 9 . _____ . Z 0 ....... ...1.01 . . 39,29 .14 .00
:4u,2.i .48 .01 40.04 .23 .01
41 ,28 ____,35 ........ . . . . .A L . 41,09. ,23. . ,01
*42,03 .54 .01 42.44 .27 .01
40.08 ......... , 5 2 ____ . _ i0 |„ .  - . 1 0 ^ 4 9 . _ .2 4 - _____ *01 .
44.42 .43 ,01 4 a , 84 .18 .00
48.47 .47.___ ._*»).  . . '.48,89 ,20.. ...........,01 .
46.82 .34 ,01 4 0 . 0 4 .30 .01
47.86 . 47 .. .,.01 . . i47, 0 9 .. . .03 .. . -  , 0 0
4 6 .6 | 1 .98 .02 4 0 .74 .12 .00
4 9 .O6 ,.119.__ .yo ... lii-7.9 ,QI .. . . . .  -jAA-
.50,70 ,35 .01 50.64 .10 .00
3>\ « 7b .. . .  ..,02___ . . - ,00 51 . 6 9 _ .. . ,9 4 .. . . .,01
52.60 • 26 .01
.52*25 . . .3,53 ,03...
54,69 ,03 ,uo
58.94 _____ ,A.I..„ .00
TABLE A I  3. Protons from la C Bombarded by 60-MeV Protons
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_ U -.-1 0 ..
10.(5
 i o , 2 l_
I 7.26
|6 ,2 5 .40 ,02 18,39 .37 • 01 18.21 .31 .01 17.37
JY*.30- - - . 3 6 ....... . . .02 . 19.4_4.__ .34 —UU__ 19,25 ____ .25___ .....UU. _______ 27,12.
2 ^ 3 6 .40 ,02 20.50 .32 • 01 20.29 .26 . 0 1 21.47
21.41 __■ 37__  . .1.02 . 2 Lt56 .30 2 1 ■ 34 _ __ .23____ . __,01.. . _____ 22.93 .
22.46 • 34 ,02 22,62 .31 .01 22,38 .21 . 0 1 23.98
9 j .9 l . 3 4 .0? 23.68 .29 ■ ni 73.43 .20 . . . . 0 .1 . 24.04
24,96 .31 .02 24,73 .27 • 01 24.47 . | 8 . 0 1 29.39
2?^6L  ...... ,35 . . . 0 2 25^79 . _ i 2 6  _ .,01.. . . .  25.52 ____. 1 6 ____ ----UU . ____22*-74.
26,66 ,29 .02 26.85 .25 • 01 26,56 .15 • 01 :27.d0
9 l . l t ,3q —.02 27.91 .24 .n l 27., 6j__ J 5 . .  .. ___ tOI.. ___ _23i25.
26,76 ,30 .02 28,96 .22 • 01 28 ,65 .12 • 01 24.90
’ ?■?' .04 .0? 3n.n2 -2 n .01 •29.7n .10 .nl 33.76
30.86 .26 .02 31,08 • 1 8 • 01 30.74 - 10 • 01 3 4 .U|
H-jV-L___ ..20- .... . . .02 . . 3 2 ^ 4 •J 6 .. -_..ni-_ 31.78 ___ «J.L____ ________ 33,97
32.96 ,22 .02 33,20 .17 .01 32 .83 . 1 1 • 01 3 4 . 1 2
34.01 ,25. ... .. . .02.. .. 3 4 ,25_ _____ . J 9-_____ UU 33.87 ___ . 1 0 ......___ UU. ________-3.9, (7.
39,06 ,28 .02 3 5 ,3 | . | 8 • 01 34.92 . ID • 01 30.43
36. 1 1 -OB .02 36.37 .20 .01 35 .96 .04 .nn 3 7 ,48
37, 16 ,24 .02 37.43 .12 • 01 E l* 01 -0 6 -00 138.3338.21 4 1.4. .. ..,01.. 38.48 . .07 . . -no 38.05 ... . s.Q8 . . . • 01 39.39
39.26 . 1 1 ,01 39,54 .12 • 01 39 .10 . 0 8 . 0 1 4 J .  44
40.31 .13 _j  01 . 40j5d . , 13 .01 HO.14 .  ...JO?. „  ,01 41 .49
41.36 ,19 .02 41 .66 .13 .01 H i . 19 .03 .00 44.95
42.41 . 17 .01 42,72 .12 .m 42.23 • 02 .00 43.00
43.46 ,14 ,01 43,77^ . 0 8 • 00 H3.27 . 1 1 • 01
4 4 ,9 | ..._,.L4 ... . . . . . , 0 1 .  . 44,83 _____ ,L4______ _ . i l ________ H4,?2 . . .0 0 ____ .... ,00 .
49.96 .19 .02 145,89 .18 .01 <45,36 . 0 1 . 0 0
46.61 .28 _ '46.95 ______,0?._____ .j.Ofl— ........ .)4.6f 4 |  . . __.00.. .-00
47.66 .04 .01 ■48,01 . 0 1 .00 147.45 .01 .00
.46.71 .00 .01 149.06 .no .00 48. bn -n5 .00
49.76 .01 • 00 50.12 .27 .01 49.54 .00 • 00
50.81 .40____ .02 5 I . J 8 ____ .S?____ ..lOO— _____
51.86 ,03 .01 52,24 .00 .00
. 9 5 • 01
____. 7 5  . . . ... - . 0 1
. 6 2 .01
. .  . .53 j f l l
.54 . 01
__ . 3 9 .  . ____ , .01.
, 3 3 • 01
___. 3 0  . . ..... sill.
. 2 7 • 01
......... 2 5 . -»0I
. 2 4 • 01
.... . 21  . ,01
. 1 9 • 00
........ 1 7  . ...... ,00.
. 1 5 .00
. 14 • 00
. 1 3 .90
_ - , L L . ,00
. 1 0 . 0 0
___ .09. _ . j OQ
. 0 7 . 0 0
_ . 0 7  . ......... , 00 .
. 0 7 . 0 0
- . 0 7  . , 0 0
. 0 7 • 00
. . . 0 7 .  . ____ . 0 0
. 0 5 . 0 0
. . 3 2 . -iiio
. 3 3 . 0 0
. 3 3 , 0 0
. 3 3 . 0 0
. . . . , 0 2  . , 0 0
.01 .00








TABLE A I  L. Protons from 1SC Bombarded by 6o-HeV Protons
l 6o deg -  Bun 20 60
_ a ErrorEnergy ____  ___
(MeV) (nb-ster“1-MeV"1)
- - . , 9 2 .  ... . , 0 2
9 , 0 9 . 75 . 0 2
-J J .'d  - - . . 6 4  _ . . 0 2
/ , /  9 .51 .01
a .  g 4 _____ . 3 9  . . • 01
9 , 0 8 . 2 2 ,01
I U . ? 3 .......... - . 2 4 • 01
1 1 . 9 8 . 2 3 ,01
___ | 3 . « 3 . .  . 19 .01
1*1.08 . 1 8 ,01
1 2 . 13 .  . . - . 1 9  ' .01
| o . | 7 . 17 .01
____ J / . Z 2 .  ... . 14 .01
10 . 27 . 13 ,01
____ 19 . 3 Z  . . 13 • 01
2 0 . 0 7 . 10 .01
2 1 . 4 2  . . . 0 9  . <01
2 2 . 4 6 . 0 8 .01
____ 2 d . ? | . 0 8 <01
2 4 . 9 6 . 07 <01
2 2 , 0 1 . . . 0 6 . 00
2 0 , 0 6 . 0 5 . 0 0
___ ; 2 ' , 9 |  . . . 04 <00
za./S . 04 . 00
?9 , O0 . 0 2 . 00
3 0 . 0 5 .01 . 00
___ 31 .9Q .01 , 00
3 2 . 9 5 .01 . 00
5 1 . 0  0 . 0 2 • 00.
3 9 . 0 4 . 00 . 0 0
3 5 , 0 9 .01 • 00
3 / .  14 0 0
3 0 . ?9 . 00 • 00
3 9 . 2 4 0 0
4 0 . 2 9 . . 00 <00
4 1 . 0 3 . 02 .1)0
__ 4 2 . 3 8 0 0
ro
8
TABLE A H  1. Deuterons from 13C Bombarded by 6o-MeV Protons
15 deg -  Bun 7110
Jnergy
(MeV)
a E r r o r
(mb*s t e r - 1 •MeV- 1 )
? . ? 8  . _ _ _ _ . . 45,  . . ... , . i U 3
S . / 3 . 5 1 . 0 3
_ / * ' 7 . .  ..... . 4 4  . _  ,1 13  .
<J.d2 . 3 6 . 0 3
. h i 6 . . . .  . 3 7 . .112
H . ? l . 4 0 . 0 3
_ LU t 6 - . . .  . 4 1 ..... .  . . 0 3
I d .  JO . 4 4 . 0 3
J  4 , 415 . 3 2 , 0 2
1 3 . 1 0 . 2 9 . 0 2
I 0 . T 4 ___ , 3 1 . , 0 2
1 7 ,  T9 . 3 0 . 0 2
- l i i i S - . .. . . . . .  . 3 6  . j 3 2
1 9 , 4 8 , 3 3 . 0 2
2 1 , 1 3 .........  . 3 0  . . 0 2
21 . 9 7 . 3 5 . 0 2
2 4 , 4 2 . 3 5 , 0 2
2 3 . 4 6 . 3 4 . 0 2
. . . . . . . . . .  , 3 5 l U2
2 3 . 3 6 . 3 4 . 0 2
2 6 . 9 0 . 3 2 . , 0 2 . . .
2 / .  J 5 . 3 1 . 0 2
zi*X 0 . . . . . . . . . . . 3 5 , 0 2
2 9 . / 4 . 3 2 . 0 2
sit I* . 3 1 . 0 2
3 '  « ° 3 . 3 4 . 0 2
3 2 . 3 6 . 2 7 . 0 2
3 3 . 9 3 . 2 2 . 0 2
3 4 . 9 7 . 2 2 . 0 2
3 9 . U2 . 1 1 . 0 1
. 3 ' ,  17. .....  .12 . . 0 3
3 d .  1 1 . 2 0 . 0 2
3 9 ,  16 1 . 3 1 . 0 5
4 J . i o .3 2 . 0 1
4 1 , 4 5 .... 2 . 9 0 , 0 74 2 . 9 0 .3 9 . 0 1
4 9 . 9 4 1 5 , 5 1 • 16
20.8 deg -  Bun 2007 25 deg -  Bun 2052 30 deg -  Bun 2000
Snergy a E rro r Energy a E rro r Energy a E rro r
(MeV) (nib« s t e r - 1 . MeV-1 ) (MeV) (mb* s t e r - 1 .MeV- 1 ) (MeV) (mb* s t e r - 1 -MeV- 1 )
5 ,6 6 .5 8 .04 5 .6 8 .4 3 .0 4 5 . 7  i .4 6 .0 2
6 .7 3 .5 2 * t?4 . 6 .7 2 .41 .04 6 .7 7 . 4 5 .0 2
7 .7 9 .4 7 .04 7 .7 7 .4 6 .0 4 7 , 8 3 .4 2 .0 2
8 ,8 4 .4 7 • 04 8 .8 2 .4 6 .0 4 8 ,8 9 .3 9 .0 2
9 .9 0 .3 5 .0 4 9 ,8 6 .3 3 .0 3 9 ,9 5 .3 6 .0 2
1(1.95 .3 4 . n3 • 1 n . 9 1 .3 9 .0 3 11.01 .3 7 .0 2
12.01 .2 9 .0 3 1 1 .9 5 .3 6 .0 3 1 2 .0 7 .2 9 .0 2
[ 3 , 0  6 t22 . n 3 -13 , n n .21 . fl3 13, |3 ,3 2 f0 2  ............ ...
14 .12 .2 8 .0 3  . | 4 , o 5 .2 5 . o3 14 ,1 9 .3 2 • 02
15_, j  7 ,2 9 ? fl3 1 5 .09 .2 3 .0 3 1 5 .2 5 . 2 8 . 0 2
16 .2 3 .2 3 .0 3 i 6 .  |4 .2 3 • 03 16 . 3  j .3 0 .0 2
17 .28 .24 .113 1 7 .18 .21 .0 3 17 .38 .3 2 ,0 2
18 .34 .3 2 . o3 1 8 .23 .2 9 .0 3 18 .44 .2 8 • 02
1 9 ,3 9 .2 8 . q3 1 9 .2 8 ,21 • 03 |9 , 5 n .2 9 .0 2
2 0 .4 5 .3 4 .0 3 2 0 ,3 2 .2 7 .0 3 2 0 .5 6 .2 9 •02
2 1 .5 0 .3 8 .04 2 1 .3 7 . 28 • n3 2 1 , 6 2  _ .31 • 02
■22.56 .2 5 . 03 2 2 . 4i .2 7 . o3 2 2 .6 8 .2 8 • 02
2 3 .6 1 .2 7 .0 3 ■23.46 .2 3 .0 3 2 3 .7 4 . 28 .0 2
2 4 .6 7 .2 5 . 03 2 4 . 5 | .2 3 .0 3 2 4 . 8 0 .31 • 02
2 5 j  72 .3 7 • p4 2 5 .5 5 ,2 7 . n3 125.86 .2 3 . n2
2 6 .7 8 .2 9 . 03 •26,60 .2 3 .0 3 2 6 .9 2 ,2 3 • 02
2 7 .8 3 ______ , 2 3 ____ ____,0 3___ 2 7 .6 4 .2 3 -,.03. ...... ....v 2 7 .9 8  „ , 2 5 . .0 2
2 8 .8 9 .2 6 . 03 2 8 .6 9 . , 1 9 .0 2 1 2 9 .0 4 .2 4 • 02
2 9 .9 4 .2 3 .0 3 2 9 .7 4 .2 3 .0 3 3 0 .  10 .2 0 .0 2
3 1 .0 0 .21 . 03 3 0 .7 8 .1 7 .0 2 •31.16 .2 5 .0 2
•32,05 ... . , , . 2 4 ____ . ..,03. .______ 3 j , 8 3 , 2 3  ....... ,0 3 3 2 . 2 3 „ .........*24.... ... . 0 2  ..............
3 3 .  1 I .2 9 . 03 3 2 .8 7 .2 0 .0 2 3 3 .2 9 .21 .0 2
2 4 ,  16 . .  .1 6  . . .0 2 3 3 ,9 2 .. —,J-3_____ .0 2 3 4 .3 5 ____ .1 0 . ,01
2 5 , 2 2 .1 3 .0 2 3 4 .9 7 . 1 1 .0 2 3 5 . 4 | .1 4 .01
36^27 .15 .02 36 .0 1 .1 8 .0 2 3 6 .4 7 .. . .  _ ^ 2 _ . .0 2
2 7 .3 3 .6 2 . fl5 3 7 .0 6 .4 8 • 04 3 7 .5 3 .1 0 .01
2 8 ,3 8 .02 3 8 .1 0 _____ ,0? ._____ _»02._____ 3 8 ,5 9 . .  1. -08 .0 4
2 9 ,4 4 1 .3 3 .0 7 3 9 .  15 1 • 1 3 • 06 3 9 ,6 5 . 0 8 .01
4 0 .4 9 . . . 0 7  ... .0 2 4 0 .2 0 .0 6 .01 - . 4 0 , 7 1. .. ____ ., 3.4_ _ . - i f l l
14 1 .55 1 .0 2 .0 6 4 | . 2 4 .3 3 . 03 4 1.7 7 ,71 , 03
4 2 .6 0 ,.70 .. ... 05 4 2 .2 9 .7 9 .0 5 4 2 .8 3 4 . 8 | ,  Q7
rv>o
VO
.43.66 7 .2 2 16 4 3 .3 3 4 . 2 4 I I
TABLE A H  2. Deuterons from l a C Bombarded by 6o-MeV Protons
35 deg -  Bun 8001
Energy
(MeV)
5 , 7 1 
6 .7 7
Erro r




I I ■ 0 J_
1 2 .07
±3,13.  
14 .1 9  
15 .2 5  
76.3 j " 
17 .36
I 8 ,4 4
19,5a.
2 0 ,5 6  
21 .62 















































34.35 . 1 8 j.OI . -
35.41 .13 .0)
36.47 .42 . n2
37,53 .48 .02
38.59 .58 .02
39,65 • 05 ,01





6 . 7 2  
7 , 7 7  
' 8 , 8  I 
9 , 8 6  
70,96  
I 1 .95  
7 3 7 0 o ‘
14.04
15 ,  09
16. 13 
7 7 ,  f t
18,28 
7 9 , ’2 f  
2 0 , 3 |  
21 ,3 6  
•22,41 
'2 3 ,4 5  
24j50
2 r ,s4 ' 
2 6 ,5 9  
2 7 ,6 3  
28,68 
2 9 .7 2  
.30 ,7 7  
'3 1 ,8 2  
3 2 .8 6  
3 3 ,9  | 
3 4 .9 5  
3 6 ,0 0
3 7 .0 4
38.*09
3 9 ,  13 
"40718 
4 1 .2 3
•g -  Bun 2033
a E rro r
(mb* s t e r - 1.MeV-1 )
.... .3 9 ,0 3
.3 4 , 02
.3 1 . . 0 2
.30 , 02
.2 6 , 0 2
.2 8 . 0 2
.2 5 , 02
,2 3 . 02
.20 .02
.1 7 . 0 2





. 18 . 02
.1 5 . 02
.1 6 . 02
. .. .1 5 . 02
. 17 '.02
. .1 4 . 0 2
. 15 . 02
. .16 . 02
. 17 , 02
.1 5 . 0 2
.1 3 ,01
. 1 i .01
. 13 . 0 2
. 10 ,01
.2 9 . 0 2
.2 8 , 0 2
.35 , 0 2
.01 ,00
.3 2 . 02
.2 3 . 0 2
k5 deg -  Bun 7108 6o deg -  Bun 7115
Energy
(MeV)
O E rro r Energy
(MeV)
O E rro r
(mb-ster-1 •MeV"1) (mb-ster"1•MeV1)
5 ,6 8 ____ . 3 3 ____ . . .0 1  . A d i ___ ____ .2 6 ..... *01.
6 , / 3 , 3 | .01 0 . / 5 .2 4 • 01
_ l t  (8  _ . _  , 3 0 . ........ . ,01 ....... - - ( . g o  .. - .24 . .01  .
0,02 ,2 7 • 01 8 .8 5 . 18 .0 0
£ .2 7 - *23....... ____.0 1  - . .. _ 9 . . i o ____ ....  .4 9........... •410
1 0 .92 .2 4 .01 10 .9 5 ,1 7 .00
± i . i 7 - _ . ........u£Z......... ......,01 . i l r i a ____ — ,.19 ._ ...... . <00
1 3 , 0 | ,2 3 .01 1 4 , 05 .1 6 .00
.1.4,0 6.. . --.20 . ,01 !1 4 , . ID .— ...... . 1 4 ........ - , 0 0
| 5 .  1 | .2 0 .01 15 .15 .1 3 .00
.16.15 . . ......... . 1 9 .  . ,01 L2>40____ ____.1 3 .  . . . . . .  .30
1 / ,  40 .20 .01 1-7.25 .1 2 .00
-Lg.25.. . .........1 9 ,01 . J i i i D ____ ____................ _  ..'.00.
1 9 ,2 9 ,1 7 ,01 1 9 .6 5 • 10 .00
2 0 .6 4 ,1 7 ,01 21,4.0. . . . . . . . . .  10 . . . ,.U0..
21 .4 9 .1 7 .01 2[ .-*5 .10 ,0 0
22 .4.4 . ..... .1 5 ,0 1 2*xi49____ -  -  . 1 0 .......... .,.0.0
2 4 .4 8 ,15 .01 2 4 ,5 4 .10 .0 0
2 4 ^ 5 3 - . . . . ___ .14. — . >01 2 4 , 5 9 - . ------..10— ..... . . . . ,0 .0  .
2 5 .5 8 .1 6 • 01 2 5 .0 4 .0 9 .0 0
2 2 . 0 2  .- . - , J  5 _ . ,01 2 4 , 0 9 .  . - . . . 0 9 .  . . , 0 0
2 / . 0 7 .14 ,01 2 7 .9 4 .0 9 .3 0
2 2 j . ( 2 . . L6 - ,0 ]  . 2 3 , 9 9 ____ .07______.— ,0.0..
2 9 . /6 .1 6 • 01 2 9 .8 4 .3 8 ,0 0
32.2.1 . ,  L3........ . ., O.Q 33^89 ,04 . .  __ __j0D_
31 .86 .08 .00 31 .94 ,1 3 ,0 0
3.4 ,9  | _ ,oe ,0 0  . . 3 ^ . 9 9 . . . 0 8 _____ _... 0 0_
3 4 ,9 5 .29 .01 3 4 . U4 • 12 ■ 0 0
3.5 ,  u a .01  . . 00 . 1 2 , 0? . . . , 01 . .......- .. . 00 ..
3 6 .0 5 .4 3 .01 3 0 .  14 ,1 5 . 00
. _,-D 3___ . . .00. .. 3 9 .T 9 _ , 2 6 ______...__10.1__
3 8 . 14 .24 .01 3 8 ,  i£4 , 66 . 0 1
,39.1-9 ....... .01  . . , 0 0
4U.23 1 ,9 8 , 02
roHO
TABLE A I I  3* Deuterons from l a C Bombarded by 6o-MeV Protons




(mb* s t e r “1*MeV_1)




(mb* s t e r -1  -MeV- 1 )




(mb* s t e r - 1*MeV- 1 )









* V. 05 
i u. vo
.25 
. - *2.1 
.19 

















































1 1.95 . 1 3 • 01 12.04 .11 .01 10.89 .13 *01 10.94 .06 .00
.1.8, MO.. -. ,10 .01 13,10 _._,.Q8____ .00 ____ 1 1 ,?.4_ .... ---- , 0?------ . .j OI- - ....._1 U i 9- ... ,07 .......... -.00
| 4.U5 ,09 .01 14. |5 . 0’ • 00 12.98 . o8 .01 1 J.U5 .05 • 00
J_5.t_10 -.09 . .01 1.5, 2 j____ — , 0.7____ - . 00-____ 14.03______ . 06___ . — i 00____ ____| 4,  I.D.. _____. 04. . - - .00
| 0. t 5 .09 .01 16,27 .08 .00 15.07 .06 .01 19.15 .04 .00
1 /L.4i) .07 . 1) 1 17.33 . n7 .00 16.12 , 04 .00 10.^1 .03 . . .. , 1)0
10.25 . 10 .01 18,39 .06 .00 17.16 *05 .00 1 > . i t .03 .00
1.9,80 .07 .01 19,44 _ . 0-6___ —,.ac___ 18.21 ___ t 0.4____ --.-0-0____ ... J-2i 4i - .... - , 03.______...uo
20,06 ,07 .01 20.50 .05 .00 19.25 .04 .00 19,37 .32 .00
24 lJ.I. .. . . . . 07, ,01 2_L.56______ . 0-6____ ,-flO________ 2.0, 2?.- ___ ,-0?____ ._,J)0_- „ 2d j42 ___ , a 2 .......... .00
22.46 .08 .01 22,62 .05 ,00 21 .34 . q3 .00 21 .47 .01 .00
20.01 . ri7 .01 23.68 .03 .no 22.38 ......_.R3 . .00 24.93 .32 - ... sJ10.
24.96 .07 .01 24,73 .05 .00 23,43 *03 • 00 2d.38 .31 ,00
25, 6j .07 ,01 25.79 . fl-5____— ,00____ 24.47 ____»-D-2____ — .,.00____ __- -24,04 ..30 ____ .VO
20.06 .06 .01 26,85 .04 .00 25, 5? • 01 .00 29,09 .32 ,00
Zl t l \ .  _ .05 • 01 27, 9 | . —..0-4,____ .00 26,56 . J-Ol- .no ____2“ */4 ,00 . ,00
20,76 .04 • 01 28,96 .03 .00 27. 6 | . o3 • 00 2/.80 .31 ,00
29,6 | ■ Ii3 • VI 3n.n2 .n5 .no 28.65 • n 1 .00 28,05 ,33 ,00
3U.b6 .10 .01 31,08 .01 .00 29, 7o . 1)4 .00
31 , 9 | ... ,02 . . u 1 32.. 1.4. .. . ,0 6 ------ - . 1 0 ________3.0 ,.74 _ ,00____.... J 00. ..... ___
32, V6 .09 .01 33,20 ,00 .00 31 .78 .02 .00
35 , U | .. . 0] • ,00 34,25 -_».03 _ __ .00 ___ 32,83 „ ___.Q6____ iOJ_______
32. U6 .04 • 01 35, 3 j • O8 .00 33.87 . 06 .00
30. 1 < -.01 36,37 .20 .01
37. 16 .41 .02
211
TABLE A I I  D euterons from l2 C Bombarded By 6o-MeV Protons
l 6o deg -  Run 2060
O’ ErrorEnergy
(MeV) (mb* s te r ” 1 .MeV”1)
t>,09 ,11 .01
_  ..Oje'f.4___ . . . 0 8 ....... . . , 0 1  ...
/» / 9 , 0 8 • 01
. - , 30
9 , 8 8 , 0 5 , 0 0
I U. 93 , 0 * , 0 0
I 1 , 9 8 , 0 3 f 00
_  14*0.3....... •-0J..... ... , .00...
1 4 , u a ,01 • 00
_ I * , I 3  . ,01 * QQ. .
| 0 f 17 ,01 . 0 0
1 V • 22 . 0  1 • 00
1 9 . 2 7 , 30 • 00
1 9 . 3 2 ...0.1....... , 0 0
2 U. 3 7 , 0 0 • 00
- 2 1 *32 . 00 , 0 0
2 2 . 4 6 . 00 • 00
2 3 , 5 | 0. 0
2 4 , b6 0 0
2 ?, o| . 01 , 0 0
2 0 , 9 6 0 0
2.1 ,7  L 0 0
212
15 deg -  Run 7110
TABLE A H I  1. T ritons from 13 C Bombarded by 6o-MeV Protons
20.8 deg -  Run 2007 25 deg -  Run 2052 30 deg -  Run 2000
Energy CT E rror Energy a Error Energy a E rror Energy CT Error
(MeV) (mb- ster"^-MeV"1) (MeV) (mb* s te r - 1 '•MeV-1 ) (MeV) (mb-ster-1 -MeV-1 ) (MeV) (mb-ster-1 •MeV-1)
6 .7 3 .16 • U2
i . n .13 .......  til l .......... - 6 ,7 3 . 08___ ____ tO.2_____ 6 ,7 7 ......... . .  L4_____ . _ t 0l _
6,62 . 1 1 ,01 7 .7 9 . 08 .02 6 .7 2 .10 .02 7 .8 3 . 1 3 .01
V.86 .12 j J i  ____ 8,  64 ______ ...L.3____ .02 ___  7 ,77 . . ............... J.2_ ......___ . 0 2 . 8 ,8 9 ________0? _____ ---- . 01 -
IV.V| . 1 1 .01 9 , 9 q . 08 • 02 8 .8 2 . 0? • 02 9.95’ .O’ .01
1 1 . V6 . 1 1 .01 10.95 .0 7 .02 9 ,8 6 .09 .02 11.01 . 1 1 . 0.1—
1 3 . UO ,12 .Ul 12.01 .10 .02 10.91 .06 .01 12.07 . 10 .  01
1 4 . U5 .. . 11. .01 J .3 ,  0.6.... _ ._ . ,0 7 .....____ , 0 2 _____ ____ n . ,? 5 _ ________ 0?------- . . , 0 1 _________ 1.3,13. _______ , 1.0_____ — . 0 1  -
13.10 . 1 0 .01 14.12 .0 5 .01 13,00 . 05 .01 14,19 .0 5 .01
10 ,14 . . . OS ...  .,01 . . J 5 , J  7 _______ . 0 -?— ____ , 0 2 __________-14,05.. _______. 06 ......... ......... 01- - ______ 1 5 ,2 5 . ________0 7 _____ .. - . 0-1-
1 / .  19 .07 .01 16,23 .0 3 .01 15.09 .05 .01 16.31 .0 7 .01
1 o . 23 . o n ,01 17.28 . n5 . 1)1 16.14 .06 .01 17.38 .0 7 , 01—
|V ,<!8 .06 .01 18.34 .03 .01 17,18 .03 .01 18,44 .0 7 .01
2J)f»4 . - .08  . . .......  .VI . . . l i t ? . ? . . —  .0 7 ____ . . . . , 02_____ ........18 ,23 ______,  0 7------ - , 0 i ..... l?.,5o .......... ,Q 5 - ......... - tO i -
21 .37 ,07 .01 2 0 .4 5 . 08 .02 19,28 .05 .01 2 0 .5 6 . 0* .01
2 4 .4 2 — 07... . .......  , 8.1............... . 2.L,io_ _ _____ . 0.$___ ____ ,D 1_____ ____ 2.0..32. _______ .0 2 - - . —,  01-- . .............. 2.1 .62 _____ .0 7  . . _ , 0 l.
2 3 ,4 6 .07 .01 2 2 ,5 6 .05 .01 2 1 .3 7 • O5 • 01 22 .68 .  05 • 01
24,31 . 06 t i l l 2 3 . 6 | • n2 ; n i 22.41 .04 .01 2 3 .7 4 • n6 . 1)1
2 3 .3 6 .06 .01 2 4 ,6 7 .03 .01 2 3 .4 6 • 05 >01 2 4 . 8 0 . 06 • 01
20^60____ , 0 6 - . . . . . . , 0 1 ____  ... 2 5 ,7 2 ______ tO i____ ____ ,.[Li_____ ____ 2.4,51 . .  —. o 4— ___ ,.01 - 2 5 ,8 6 ........... .0 7 _____ .- . ,0 1 -
2 7 .9 5 .05 .01 2 6 .7 8 .0 7 . 02 2 5 ,5 5 .03 .01 2 6 .9 2 • 05 • 01
96 .7 0 __,04__. . . .  ,01 .  . . . 2 7 .8 3 .........  ,.03. . .01 ____ 2 6 .6 0 ........... ,8-5____ . . . . . i0 L - 2 7 ,  9B ............ ,0.4..... .... __ t.0 L-
2V.74 .06 .01 2 8 .8 9 , 03 .01 2 7 .6 4 • 05 • 01 2 9 .0 4 • 04 • 0 >
SU. 79 . 1 4 .02 29 .9 4 .0 3  _ .01 2 8 .6 9 . 02 .01 3 0 .1 0 . • P.5 •J0J_
3 1 .6 3 .01 .00 3 1 .0 0 .0 3 .01 29 .7 4 .00 .00 3 | . | 6 . 02 >01
. . ,4 4  , ___ ,8 3 _________ 3 2 ,0 5 _____,.0.5___ .01 3 0 ,7 8 _______. J 2___ .01 3 2 ,2 3 _______. 1 0 ______ _ - U J J -
3 3 .9 3 .00 .UO 3 3 .1 | .3 5 .0 3 3 |  .83 .01 .01 3 3 ,2 9 .01 • 00
3 4 .97 __ , 01  ....  . .  .tDO . . ...... 3 4 ,1 6 .02 .01 3 2 .8 7 ______ -,.1.5____ ___ . 0?- 3 4 ,3 5 _______. 02- ..... — - . , 00-
3 ^ .2 2 .02 •01 3 3 ,9 2 . 00 .00
3 6 ,2 7 .26 .03 3 4 .9 7 .01 .00
36.01 .4 5 .04
IV) I—1u>
TABLE A H I  2. T ritons from ia C Bombarded by 6o-MeV Protons
35 deg  -  Run 2001 1*0 deg -  Run 2033 1*5 deg -  Run 7102 Go deg -  Run 7115
Energy
(MeV)














1 2 . 0 7 . 0 9 .01
J.3., 13 ......  . 1 0 ............ . , 0 1  ......... .........
1 4 . 1 9 . 0 7 .01
1 5 , 2 5 . . 0 8 . . .  . 01 ................... .
16.31 . 0 8 .01
1 7 , 3 8 ___ . . n 8 . . . 01 . . . . .  ..
18 . 44 . 0 6 .01
I 9 , 5  0 . . f lS . . , 0 1 _____. . . .
2 0 . 5 6 . 0 6 . 01
2 1 , 6 2 . . 0 6 ._,0J___________
2 2 . 6 8 . 0 5 .01
2 3 . 7 4 • 08 .01
2 4 . 8 o • 0 8 .01
2 5 . 6 6 . . , 0 6 . . _ . .0J .............
2 6 . 9 ? • 07 • oi
2 7 . 9 8 . .  10 4 . .............1.00___________
2 9 . 0 4 . 0 6 .01
IO4JJI- .  . ____ . 0 9  . .01
3 |  .  16 • 04 ■00
3 2 , 2 3 ......., 0 5 . . . . 0 1___________:
33^29 • 00 • 00
3 4 , 3 5 . 2 4 . .  .  .JLI____________
3 5 . 4 7 . 0 2 . 0 0
Energy
(MeV)
6 .7 2  
7 .7 7  
8,8 | 




| 4 , 0 4  
15 ,  09 




2 0 ,3 | 
2 1 .3 6  
2 2 ,4  I 
2 3 .4 5  
2 4 .5 0  
2 5 .5 4  
2 6 ,59  
2 7 ,6 3  
28,68 
2 9 .7 2  
3 0 ,7 7  
3 i , 6z 
3 2 .8 6  





a Error Energy CT Error Energy
(MeV)
CT Error
^•MeV*1)(mb-ster-1 -MeV-1 ) (MeV) (mb-ster-1 -MeV-1 ) (mb- ster"
. 11 . 0 1 0 , 7 3 . 1 1 , 0 0 0 . 7 5 . 0 7 . 0 0
. 0 9 . 0 1 . 7 , / a  . .. .. , . 0 9 . - .  - . . . , 0 0 ............................... 7*611.  . . . ....... 0 6 ___ . 0 0
. 0 B . 0 1 0 . 6 2 . 0 8 , 0 0 6 . 6 5 ,  05 . 0 0
. 0 6 . 0 1 9 , 6 7 .. , 0 7  . . . . _ .  . . , 0 0 .  . ..........  _9,9J] ... .. . , 0 5  .  .. ____,-QQ
. 0 6 . 0 1 1 0 . 9 2 . 0 7 . 0 0 N . 9 5 . 0 4 , 0 0
. 0 6 . 0 1 1 1 . 9 7 ,  05 ___ , 0 0  . 1 2 . UO . 0 4 . 0 0
. 0 6 . 0 1 1 3 , U | . 0 6 . 0 0 I 3 . U 5 . 0 3 • 00
. 0 6 • 01 I 2 - . 0 6 ........... .. . 0 6 .  . . ... , 0 0 J lM -D --------____ , 0 3 ____ ............l j . 0O_
. 0 2 • 01 1 5 . 1 1 . 0 5 • 00 1 5 . 1 5 . 0 3 ! .UO
. 0 4 . 01 1 0 . 1 5 ......... , 0 5  . ... ................ ,  00 . . 12 ,  *Q................... . , 0 3 . .  . _________ , .00 .
. 0 4 . 01 1 7 . 20 . 0 5 • uo 1 7 . 2 5 . 02 .UO
.04 .01 i s . 25 . . .  ,0 4 ____ .  . .  , 0 .0. . ...........................l i t i Q - ... . , 0 2 ..... ....... ,00
.04 .01 19,29 .04 .00 1 4 .35 ,02 .00
.02 .01 2 0 ,34 - . .04 . , 00. 2 0 ,4 0 ......., 0 2 ... ____ jU.0 .
. 02 .01 21 .39 .04 ,UD 21 .45 . 02 ,00
.03 .01 2 * ,4 4 ... .04................, 00 . . .  . 2 8 .4 9 . __,Oi_ ..___________, 00..
.03 • 01 2 3 .4 8 ,06 ,00 2 3 .5 4 . 31 .00
.04 .01 2 2 , 5 3 _,(L4 . . .  . , 0.0 ... ........... 2 1 , 5 9 . . . _*J12___ ,00
.0 5 .01 2 5 ,5 8 .03 .00 2 5 .0 4 .00 .00
.02 ,01 2 6 .6 2 ,0 3  ... . 00  . .............2 i , 0?_____ __ . 0 2 ___ ____ L0J).
. 02 .01 2 7 .0 7 .05 ,00 2 7 .7 4 .00 .00
i 05 ,01 20 ,  72 .. . 0 8 ....... _ . . . 0 0  .. 2 6 .7 9 ___. 02____ .00
.0 3 ,01 2 9 .7 6 .05 ,00
. 1 1 ,01 2 0 , 8  1___________ _ , 0 0 ................. . ,00
0 0 31 .06 • 02 .uo
ro
-p -
TABLE A H I  3 . T ritons from la C Bombarded by GO-MeV Protons




(mb* s t e r - 1*MeV-1 )








(mb* s te r - 1*MeV-1 )
. P.'O .36 .01 6,75 ___.J6___ ___ .AH— 6,72 .., 0.4 .00
i . i ’s .35 .01 7.61 .04 .00 7,76 • 03 .00
-5.90 .05 .01 8,87 — -.03-__ — .on—______ 8*111- ______ ,H?______ *0JL_.
9.85 ,05 .01 9,92 .03 • 00 9,85 .02 .00
1 0 .9 D . nn .31 10.98 . n3 .nn in .89 .02 .00
1 1 .*5 .03 .Ut 12.05 .02 >00 1 1.94 • 01 .00
.15,00 .03 .01 J 3. IJJ___- .....02 — -----.HO— _____ 12,?_8 ______.nJ------ *H0--
|4,U5 .03 .01 16,15 .01 • 00 14,03 . o i • 00
15,10 .02 .00 15..2J___ -----.HI----- .00- 1 §.,.0.9...... ...... .no____- -HO-
10.15 .01 .00 1 £.27 .00 >00 16.12 .00 • 00i7.5n . n i .00 17.33 .01 .00 17.16 .no .00
10.25 .02 .00 1 8,39 .01 .00 |8 ,2 | .00 .00
i V.oo .31 .00 19,44 _*0l ..... ___,00 _____19,25. _____ *no____ ...,H0
?U.S6 .01 .00 20.50 .01 • 00 20.29 .00 .00
21.51 .31 .00 21,96 . . .00  .. . —,D0_ . _____ 21.34 ______.HO____ _. DJL
22.26 .01 .oo 22.62 .00 • 00 22.38 .00 • 00
90.31 i n9 . ii n 23.68 .00 .00 23.43 o ....... 0
25,36 .31 .00 24,73 .01 .00 24,47 .00 .00
2S.6| .32 .00 25,79 0.- . -------0 -
20.06 3 0 26,85 .00 .00
2 "7.7 | .31 .00











| b .  15 
_J o_. 2 |
I 7 .2 6
-13*^1.
| 0 . 0 7  
-20. J2_
Error

































(mb* s te r -1
Error
•MeV-1 )
O, /4 .31 ,00
7 .7  9 .01 .00
_ u .u  4 .31 .00
y.08 .03 .00
13 ,9 3 . 0 3 ___ ___,jJQ
1 I .30 .00 ,00
| 0 . u 3 .33 • 30
| * i . U 3 .00 .00
1 =», 1 3 3 0
| o .  17 0 0
1 7 ,22 3 0
13.27 3 a
|9 .0 2 3 0
15 deg -  Run 7110
TABLE A XV 1. Helium-3 from l3 C Bombarded by 6o-MeV Protons
20.8 deg T Run 2007 25 deg -  Run 2052 30 deg -  Run 2000
Energy
(MeV)
a E rro r Energy
(MeV)
a E rro r Energy
(MeV)
a E rro r Energy
(MeV)
a E rro r
(mb* ster"-1*MeVl ) (mb* ster"^.MeV- 1 ) (mb* s te r"^-MeV"1) (nib* s t e r - 1 .MeV- 1 )
Id.liO
1 5 . U5
.1 8  
r 1 4
.0 2
. 0 Z . . .  . I 3 . J 6
...........14 .1 2
15 .1 7
.2 3 .0 3 13 .00  
14 , o 5 
15 .09
.. * J2 ....... • a? . . . .  . . .
1 3 .1 3
.....1.4,, | 9 ____
1 5 .2 5
16.31
. 16 , o l
_____ . 1 4 ____  . . . , . 0 l_
. 1 4 ,01 
. 1 5  .01
| 5 . 10
—  
| 7 .  19 
i o . 2 a
.1 6







.0 2  
. * 0 2 ........ ...
. | 5




_____ .0 2 ._______
.0 2
.0 2
.01 16 .2 3
17 .28
.1 7  
. i n




|9 .< :b , 14 • 02 1 8 .34 . 11 .0 2 1 8 .23 .0 9 .0 2 1 7 .38 .1 2  .01
2U .03 . 13_ ...111 ...........J . 9 ,3 9 . __________  _ .1 L _ _____ .0 1 _______ 1 9 , 28_ ... - t0 9_ . _____ *02________ 18,44 . .  - ...JO............ _.jJXL
2 1 .  ̂ 7 , |3 .01 2 0 .4 5 . I0<- .0 2 2 0 .3 2 *08 .0 2 19 .50 .1 0  .01
2 2 .4 2 . . .  . ._.L0-. _____ >.D 1____ . . .  ?.L»5j l . .... , 0 8 ______.0 2 ______ 2 1 ,37 _  .0 .7 .  . ........_,.0l________ _ _ ? 0 j 56 . .... _____ . | 4  ________,Q J_
2 d ,4 6 .0 9 • 01 2 2 .5 6 .0 5 .01 2 2 . 4J . 1 1 .0 2 2 1 .6 2 .0 9  .01
24 .2 1 . no *JI L 2 3 . 6 | . o9 .n 2 2 3 .4 6 .0 5 .01 2 2 .6 8 . 0 8  .01
2 2 ,2 6 , 1 0 .01 2 4 ,6 7 .0 7 .0 2 2 4 .5  r • 05 • 01 2 3 ,7 4 .C 8 >01
2bjJ>JL . 0 7 -  .. . . . . . . . 0 1 . .  ._____2 5 ,7 2 . . . 1 2 ....... . _*0_2. ___ 2 5 .5 5 ____. J] 4_______ _*01________________ _____24j8(J . _ . f l8____  , a i_ .
2 7 .2 5 .0 9 • 01 2 6 .7 8 .0 6 .01 2 6 . 6o . 06 .01 2 5 ,8 6 • 0 7 .01
2 b .  /O , 1 o .......... ,.01. 2 7 .8 3 . .  .. -j .D6 ..._____ *0.1_______ 2 7 .6 4 . .  *.0.6 ..... .  . *01 .  ... 2 6 .9 2 ____ ..oA__________ l0 J_
2 9 ,  74 .0 6 .01 2 8 .8 9 . 1 1 .0 2 2 8 .6 9 *05 • 01 2 7 ,9 8 . q6 .01
3U . ?9 . 1 n t i l l 2 9 .9 4 . n5 .01 2 9 .7 4 .0 6 .01 2 9 .0 4 . 0 6  .01
3 1 .03 .0 9 .01 31 ,00 ;o 7 .0 2 3 0 .7 8 *05 *01 3 0 .  10 .0 5  .01
3 2 .2 6 . 13 . .,.111.. . Mj .05 ___ f-fl5 . . ._____ *01___________3.1 ,8 3 . . , 8 5  ._ .. . *a.L 3 | . 1 6 ......... . 0 8_  ....... -  * 0 i .
s l M ' .2 5 .0 2 3 3 .1  1 .0 6 .01 3 2 .8 7 • O5 *01 3 2 .2 3 . q5 .01
3 4 . V7 .0 5 .. . . . 0 1 ____ 3 4 .  16 ............. , j  L. 0 . 2 ____ 3 3 .9 2 __iQ6 ______ . . . -  *.Q L_________3 3 ,2 9 . . .o 7 .  _______.aL - .
36 .U 2 .04 .01 3 5 ,2 2 .0 6 .01 3 4 .9 7 • 08 . 0 ? 3 4 ,3 5 , 0 6 <01
3 7 .0 7 .2 7 .0 2 3 6 .2 7 . n I .01 3 6 . m .00 .00 3 5 . 4 | .01  ,0 0
3 B . i l .70 .0 3 3 7 .3 3 . (6 .0 2 3 7 .0 6 .1 0 .0 2 3 6 .4 7 .fl3  .01
3 8 .3 8 . . . , 3 2 . . . _  *_fl3 3 8 .1 0 .2 3 . q3 . .3 .7 .5 3 .2 0  . Q2
3 9 .4 4 .6 4 .0 5 3 9 .  15 .4 5 .0 4
»
I
35 deg -  Hun 2001
TAHiE A IV 2. Helium-3 from 1SC Bombarded by 6o-MeV Protons 






16 . 3  j 
1 7 .38
E rro r




J ?_, 5jj 
2 0 .5 6  
2 1 .6 2  
22.68
.. • J  6. 
.1 5  





_ * 1 L
. I 1 
^ II 




~.*.0J - .01 
. jD 1- 
.01
24.80 • 0B • 01
25,86 ___,07. .. ...........jCLL...........-
26.92 • 06 • 01
27,98 *0l- ........_i 01________
29.04 • 04 • 00
3n. 1 n . n7 . n 1
31.16 • 09 • 01
32,23 . . . o 4 . .......... . 0 0_____ ...
33.29 • 07 •01
34,35 ... . 0 0 ________
35.41 • o' • 00
36.47 . 1 4 • 01





60 deg -  Hun 7115
CT E rro r Energy
(MeV)
o E rro r Energy
(MeV)
CT E rro r
(mb* s t e r -1 •MeV-1 ) (mb* s t e r - 1 '•MeV-1 ) (mb*ster-1 •MeV-1)
.1 0 .01 |3 . U | .11 .0 0 1 3 ,05 .0 8 ,0 0
.11 .01 1 1 .0 6  - .......... .L0 - - . .00 J - iU tL - .......  .*07... . . .0 0
.1 0 .01 1 ? •  i  1 .0 9 ,0 0 1 3 , !5 .0 7 ,0 0
.0 7 .01 1 6 .1 5 ....... ____ .09. ... . .. ,0 0  . . .. I2 .4Q . .0 6 ,2.0
.0 7 .01 i7 ,2 o .0 8 .0 0 I / . 4 5 ,0 5 .0 0
.06 .01 ____ *QZ____ ____I.MB........... 1 3 .00 .0 5 .UO
.0 9 .01 19 ,29 ,0 6 .0 0 1 9 ,3 5 .0 4 ,00
.0 5 - .01 2u.34._- ■ . . ,06 ._  ._ . . .* 0 0 . .  . 2 J . 4 0 .. __.04— r Q0
.0 5 .01 21 .-J'9 .0 6 ,0 0 2 1 ,4 5 .0 4 ,00
.0 4 .01 2Z . 44 — . m L . .0 0 2 4 * 4 9 . _______ * 2 3 .____ . . .  JL0O_.
.0 5 .01 2 3 .4 8 .0 5 .u o 2 3 .6 4 .0 3 ,0 0
.0 3 .01 2 1 ,6 3  _ ____ j  05 .. .0 0 2 4 .3 9 ............ . 0 2 ______ .. jlOO
.0 4 .01 .26. »8 .0 5 .0 0 2 6 .6 4 .0 2 .0 0
.0 5 .01 2 6 .0 2 ,0 3 . , 0 0 2 0 ,6 9 . _..*D3. j 0 0
.0 2 .01 2 / . 6 7 .0 3 ,0 0 2 9 .  74 .0 5 .0 0
. 0 3 .01 2 8 .4 2 — .0 4  . . .. , ' J 0 .............. .28*7?. . _*.02_. . .0 0
.0 3 .01 2 9 , /6 .0 5 .0 0 2 9 ,0 4 ,0 0 .00
.0 5 .01 i ! U 6 | . . 1 0 ___ ......,0Q . .  . 3 0 . 09 .0 3 .00
.05 .01 31 .6 6 .03 ,0 0 31 .94 .0 3 .00
.0 5 .01 34.9,1 .0 2 ,  . ... ,0 0
.01 .0 0 3 3 ,9 5 • C4 ,0 0
.01 • 00 3 6 .0 0 .11 ,00
ro




(mb* s t e r -1  •MeV*1)
TAHTiR A IV 3- Helium-3 from i a C Bombarded by 60-MeV Protons 












(mb-ster- 1"MeV- 1 )
|3 .  05 .03 .00
Jii.H0...... ___.U7. .. • 01 13.10..._______ .Jj6. ._.___J.00_____ 12,98 ___ . 0.4....... ___ ...ao___ ___ 11,10 .02 ,00
M.U5 ,07 ,01 14,15 • O5 .00 14.03 .02 • 00 IP. 15 ,02 ,uo
15x10— . .. . . ,0 5 . ... -Ill 15,21..._____ iD.4___ ___ *.00_____ |5 . 07 .. ,.Q2 ... ___.00____ ____1 0.2 | ..01 . ,0010,15 .06 ,01 16,27 ,03 • 00 i6. 12 • 02 • 00 1 7.26 .31 .00
17.20 .n4 .Ul 17.33 .n3 .nn 17.16 .n2 .nn M .J | . ,31 ,00
I* .*5 .04 .01 16,39 .03 .00 18.21 .01 • 00 1 4,47 .01 .00
J ? £0___ .. . .03, ,01 19.44 _____ ,0?.. ...____, 00_____ 19,25 . _ -O! . ...__ •oo_..... . 20.42 .00 .00
20,46 .04 .01 20,50 .02 .00 2 0.'2 9 • 01 .00 21.47 .00 .00
ZU21...... . ...33 ,01 21.56. ------ ___>.00_____ 2 | ,34 ___-O!....... ;J10___ ___ 24,P3 .00 .00
2*.26 .02 ,01 22,62 .01 .00 22.38 • 02 • 00 2U.P8 .31 .00
P4.SI .no .1)11 23.68 • PI .nn 23.43 • 00 • 00
24, B6 .02 .00 24,73 • q2 .00 24,47 • 00 • 00
01 .02 • 01 25,79 . . . ----«-02— ___ ,ao_____ 25.52 ___,J0___ .. _. *.ao......
20.06 .04 .01 .26.65 • 00 .00 26.56 • 00 .00
2Z.Z4 -01 ■ ..00 27,91 ... . .-..0.1 - _j_00 ___  — —
26./6 .00 .00 28,96 .01 .00PV.Bl .(IP .01 3n.02 • n 3 .nn
3U.06 .02 .00
a u ? . i ,05 ■ 01
roI-100




(mb* s t e r - 1.MeV-1 )
13,03 . .  .01 ..... ,00
14,08 .01 ,00
15x13 . —jU3___ .. .,U0
|o . |7 .00 ,00
1 7 .2 2 Tnn • on
1 B, 2.7 .01 ,00
............_3..... . 0
2U.47 0 0
TABLE A V I .  Alphas from lS C Bombarded by So-M eV  Protons







J.J..U5 1 .00 . . .  .114
13. 10 .9 8 .04
. 1 g • 14 . .6 6 • UA
1 / .  19 .71 .0 3
.7 2 .0 3
19 .48 .56 • 03
2U.93 • 5 | .0 3
2 1 .3 7 «A6 «U3
.2 4 ,4 2 . . , 3 9 .0 3
2 4 .4 6 .A3 .0 3
.2 5 . ? J .  . . .3 0  . .0 2
2 3 .3 6 .2 9 .0 2
2 g .  20 .3 0 .0 2
2 / .  e>5 ,2 2 .02
2 g , . '0 .2 2 •02
2 9 .7 4 .1 6 .0 2
. 3 1 . ' ? . .1 3  . .01
31 .6 3 .1 6 .02
3 4 , 5 6 .10 • 01
3 4 .9 3 .10 .01
3 4 .9 7 ,1 2 . .01
3 0 . U2 .10 .01
5 ' . « 7 .1 2 .01
3 6 .  1 1 .1 6 .0 2
3 9 ,1 6 .13 .01
4U.40 . IA • 02
4 1 .4 5 .2 2 • 02
4 4 . 4Q . IA .0 2
4 3 . 3 4 . ... .0 4 >01
A A. 39 .0 5 .01
4 3 , AA . . 1 1 ,01
AO.AS .1 5 .02
A / . 33 . .3 9 , 03
20.8 deg -  Bun 2007 25 deg -  Hun 2052 30 deg -  Bun 2000
Energy a E rro r Energy O E rro r Energy o E rro r
(MeV) (mb* s t e r -1  .MeV"1) (MeV) (mb* s t e r " 1*MeV"1) (MeV) (mb*ster- 1 *MeV"1)
114.12
ji.5, J 7 .„
H 6 .23
17 .28
l . | 4

















i« r r« r







1 6 , 3 1 









£ 2 . 5 6
123.61
.5 6




. . . , 0 4 ________
• 04
. . , 0 . 4 ________
,0 3
.0 3
1 8 .2 3  
._L8.28 
2 0 .3 2  
_ 2 L .3 7 .  _ 
2 2 .4 1  







,0 4  
■ Cl 4








2 0 .5 6









2 2 .6 6
2 3 .7 4
.3 4
.2 7
.0 2  
102
"(24.67
2 5 .7 2
2 6 .7 8
2 7 ,8 3
. 28









2 4 ,51  
.25^5.5 .. 
2 6 ,6 0  
2 7 ,6 4
.2 2





124 , 8 q 
125.86
.2 4
. 2 0 ....
• 02
.0 2  .
• 02 
.0 2
2 6 . 9 2
2 7 .9 8
. 18  
.1 4  _
.01 
.01 .
2 8 .8 9
2 9 .9 4
.1 3  
. 14
2 8 ,6 9





2 9 ,0 4  
3 0 .  ID





3 2 j  05
• 08
______, 0 7 ______
• 09
_ ......._,0B_. ..




3 0 .7 8  
3 |  .8 3
.11
• 05
.0 2  
.0  1
3 1 ,1 6





3 3 .1  | 
3 4 ,1 6
• 02 
.0 2
3 2 .8 7
3 3 ,9 2




3 3 ,2 9





3 5 .2 2
3 6 .2 7
• 02 
.01
3 4 .9 7  





3 5 .  4 j  





3 7 .3 3







3 7 ,0 6











3 9 ,4 4
4 0 .4 9
• 01 
.0 2
3 9 .1 5





3 9 .6 5 “  





4 1 .5 5





4 I ,2 4  





4 1 ,7 7  





4 3 ,6 6
4 4 , 7 |
• 03






4 3 .3 3





4 3 ,8 9
4 4 .9 5
• 02 





4 7 ,8 8
• 01
. 0 ] ......... .........
. q3
4 5 .4 3





4 6 .01 .01 • on
roH
VO
TABLE A V 2. Alphas from 13C Bombarded by 6o-MeV Protons
35 deg -  Bun 2001 1(0 deg -  Bun 2033
Error a E rro rInergy Energy
(MeV) (mb- s t e r - 1 -MeV-1) (MeV) (mb- s t e r - 1 .MeV-1 )
M ,  19 .8 5 • 02
15 .25 .7 3 .0 2 14, 04 .6 8 • 03
16.31 .6 4 .0 2 |6 ,Q 9 .61 ,0 3
17 .38 .5 4 .0 2 16 ,13 .4 7 ,0 3
18 .44 .4 6 .0 2 17. IB .4 4 ,0 3
19 .50 .4 2 .0 2 18.22 ....,4.3 ,0 3
2 0 .5 6 .3 7 .01 | 9 ,  27 .3 3 ,0 2
2 1 .6 2 .3 4 .01 .2 8 ,3 | . . 2 6 ,0 2
2 2 .6 8 .2 8 .01 2 1 ,3 6 .2 7 • 02
2 3 .7 4 .2 3 .01 2 2 .41 . ,2 0 ,0 2
2 4 . 8 0 .2 3 .01 2 3 ,4 5 . 16 ,0 2
2 5 .8 6 .2 0 .01 2 4 .5 0 ,11 ,01
2 6 ,9 2 .1 6 .01 2 5 ,5 4 . 12 ,01
2 7 .9 6 .1 5 .01 .26 ,5 9 ,11 ,01
2 9 .0 4 .1 4 .01 2 7 ,6 3 . 12 .01
3 0 .  10 .1 0 .01 2 8 ,6 8 .0 6 ,01
3 1 ,1 6 .1 0 .01 2 9 .7 2 .0 6 .01
3 2 .2 3 . 08 .01 .30 ,77 . 0 5 .01
3 3 .2 9 .0 ? .01 '3 1 ,8 2 .0 2 .01
3 4 .3 5 .0 9 .01 .32 .86 .0 3 .01
3 5 . 4 | • 06 >01 3 3 , 9 | .0 2 .01
3 6 .4 7 .0 2 .00 3 4 ,9 5 .0 2 ,01
3 7 .5 3 .0 6 .01 3 6 , U0 .0 2 ,01
3 8 ,5 9 .nB .01 3 7 ,0 4 .01 ,0 0
W7&r~ • 0 9 • 01 3 8 ,0 9 .0 3 ,01
40 ,7 1 .10 .01 3 9 ,  13 .0 2 ,01
4 1 ,77 • 04 .0 0 4 8 ,  18 .0 2 .01
4 2 .8 3 ,o 3 .0 0 4 1 ,2 3 ,0 8 • 00
4 3 .8 9 .0 8 .01 4 2 ,2 7 .01 ,0 0
4 4 .9 5 .0 2 .0 0 4 3 ,3 2 ,0 3 ,01
46 ,01 .0 9 .01 4 4 ,3 6 .00 ,0 0
1+5 deg -  Bun 7102 60 deg -  Bun 7U 5
Energy
(MeV)
a E rro r
(mb- s t e r - 1-MeV-1 )
J4.U6.. ... .5 3 ......... ,01
I » .  1 1 ,4 7 ,01
.I_6,_l5.. .. .  ... 42 . . ,0 1 .
| 7 . 2 0 .3 6 .01
____,32 .. . . j UI
1 9 ,29 .2 6 • 01
.20^51  . . ... ,2.4 ,01
21 ,3 9 .1 9 ,01
2 2 , J4 . .1 7 .01
2 3 .4 8 .14 .01
2.U°J . .1 2 . •0.0
2 5 ,5 8 .1 2 .uo
2 6 ,0 2 .0 9 , UO
2 / . 0 7 .0 9 .uo
2 2 , 7 2 ....... . . .  , 0 7 .. . .uo
2 9 . /6 .0 6 ,uo
3!L»61 . . . . , 0 5  . . . . . .  ,00
31 ,06 .0 5 .uo
- . . ,03  . ..,00
33 .9 -j .0 7 ■ uo
.35,.00 . . . .0 4  . . _ .uo
3 0 . U5 .04 .uo
3 / . U 9 ___ . .... 05----- . . . . , 0 0
3 0 ,  14 . 05 ,uo
3 9 ,1 9 . . . .  , 0 2 ,u.o
4 0 ,2 3 .0 3 ■ uo
4 1 .21} . . 03. ... . .. to o
•42 .3 J .0 2 .00
4 3 .3 8 ..._ ,0 0 ,uo
(MeV) (mb- s t e r -1  -MeV- 1 )
-1 4 J- i 0 —  . . .  .34 . ,0 1
1 5 .1 5 ,23 .01
| |6 , 2 0 . . ,2.4 . ,UI
1 7 ,2 5 .20 .01
-19^3.0____. . .  . 1 6 ..... . , 0 0
j19 ,35 .1 5 ,UD
2 9 ,4 0  . .1 2 ,00
2 1 .4 5 .10 .00
'2 2 ,4 9 . . . .0 3 . .uo
2 9 ,5 4 .07 • 00
2 4 ,5 9 .  . ........0 6  . . ,00
2 5 ,0 4 ,0 5 • UO
[22 , 69 . . .04  . • 00
[27.74 ,0 3 • 00
S23 , . /? .. .04 <uo
2 9 .3 4 .0 3 • uo
.33.1.09 ... .0 3 . *00
3 1 .9 4 .3 2 • uo
,3 2 .9 9 .0 2 . .uo
3 4 , U4 .03 • uo
.35.U9 .0 2 ,uo
3 5 .  14 .31 • uo
.37,19... ,02 . 00
3 3 ,2 4 .01 • uo
139, 29 . .0 2 .00
TABLE A V 3- Alphas from l a C Bombarded by Go-MeV Protons
70 deg -  Bun 2032 75 deg -  Run 2017 90 deg -  Bun 2023 XIO deg -  Run 7113
Energy a Error Energy a E rro r Energy a
1
E rro r Energy a E rro r
(MeV) (mb-ster“ l 'MeV'1) (MeV) (mb-ster- 1 .MeV"1) (MeV) (mb-ster- 1 'MeV-1 ) (MeV) (mb' s t e r _1.MeV1)
|4 ,U 5 ,2 5 • 02 14 ,15 .2 0 • 01 14 .0 3 .1 2 .01
1 9 . in , to .0 2 15.21 .1 7 ,01 1 5 .0 7 . . .  _.J_L _*JU„ .. 1 4 , 1 0 ........ . 0 6 -  .. . . ,00
1 0 .15 .1 8 • 01 16 ,2 7 .1 4 • 01 1 6 ,12 . 0 ? .01 l->. 15 .0 5 • 00
1 / . 2 n . 1 4 .u  1 17 .33 . 1 1 .0  1 ,1 7 .1 6 .0 7 .01 19,.2.1 .. . . . . , 0 4 .00
| 6 , 2 5 .1 4 • 01 1 8 ,39 • 0’ .0 0 18.21 • 0 5 .0 0 1 7 .2 6 .0 3 .00
Lii.i.0 ...... . — a ........... .- .•U l . - 1 9 .4 4 *-07.. . .  . f.00____  . i 19*25 —___ .-Q3—_ _ ....._.*.D0_____ ____ . .  .0 2 .  . _____ , 0 0  .
2U .66 . 10 • 01 2 0 ,5 0 . 0 6 .00 {20,29 .0 3 .0 0 1 9 .97 .0 2 • 00
PI .41 ,0 8 ,01 2 1 .5 6 .1)5 ,00 __ |2J . ,34__ . .  -*0?_. . ..., OB _ __ ... J2U.42 . .01 • 00 ,.
2 2 .4 6 .3 7 .01 2 2 , 6 2 .0 4 . 00 2 2 ,3 8 .0 2 .0 0 21 .4 7 .01 • 00
24.91 .n>? .01 2 3 .6 8 .1)3 .o n 2 3 .4 3 . 0 1 .n o 2 2,93 .01 .00
2 4 ,5 6 .0 5 .01 2 4 ,7 3 .0 3 • 00 124,47 • 01 . 00 |2 9 ,P 8 .01 .00
2 3 * 0.]______ -,05 ,..*01 . ... 2 5 .7 9 .... .......0-2-___  _f.0.0.. 125.52 *0.0. _______ ,-00_____ ------ 124, 0 4 ... . . .0 0  ... .......... ,0 0  .
2 0 ,0 6 ,0 3 ,01 2 6 ,8 5 • 02 • 00 :2 6 ,5 6 .00 .0 0 2 U. 09 .00 .0 0
2 / . /I .0 4 • 01 2 7 j 9_l . .0 2 .00 :2 7 . 6 1 .00 .0 0 ... 2 0 . ( 4 .00 ____,0 0  .
.28 ,76 .33 • 01 2 8 ,9 6 .01 • 00 128.65 . 00 .0 0 2/.OQ .30 • uo
PV.BI .np .un 3 0 .0 2 .01 .0 0 !29 .7o .0 0 .0 0
3 0 .0 6 .0 2 • 01 3 1 ,0 8 .01 • 00 3 0 .7 4 . 00 •00
3 j j .y j . . ,31  - .. .0 0  . 3 2 .1 4 ,0 0 .00 31 .7 8 _______ j __ _____  . 0 ..........
3 2 ,* 6 .01 • 00 3 3 , 2 o .0 0 • 00 ,3 2 .8 3 . 00 •00
3 4 .  Ul . jj j .. .00 3 4 ,2 5 .0  1 .00 133.87 ......D... .0
3 0 ,0 6 ,30 • uo 35 .31 0 0 1
30 .11 .nn .00 3 6 ,3 7 .0 0 .0 0
3 7 . 1 6 .01 .0 0
3 0 .21 ,.00 • 00




(mb' s te r"
E rro r
1«MeV"1)
14, U8 .03 .00
12x13 ..........- ,4 3 .  .. ____ ,00 .
1 6 .17 .02 • 00
1 7 . 2p r m .00
18 .27 ,00 • UO
U..A2. - .  . _ Q 0 ----- ....... ,0 0  ..
2U.37 .00 ,00
21*42__ . _ * a a  .. ....... .tilO . . . . .
2 2 .4 6 0 0
TABLE AVI 1. Protons Proa “ Fe Bombarded by 6o-HeV Protons
15 deg -  Bun 5016 20 deg -  Bun 1(020 27 deg -  Bun 5020 30 deg -  Bun 5007
Snergy a Error Biergy 0 Error Energy a Error Energy CT Error
(MeV) (mb* ster" l *MeV"1) (MeV) (mb* ster" 1,MeV_1) (MeV) (nb*ster" 1.MeV-x) (MeV) (mb* ster" 1*MeV"1)
T ??0











i 7.765 12.262 .191
c , Old 











5,861 6.760 • 142. 190 10,1)36 4.127
....... • ■■■■- ■
























14.072 4.229A - 110 .112 . j 4 14.315 2.560 .053 13.01614.063 3.04T2.806 ,031.029 13,03214.081 2,9402.662 ,031.029































































































































39.223 4fl ,?7l 5.622*».qn3
• 129 








































































































51,798 4.784 • 1 19 52,828 
*3,696
























55 i 990 


























.024( 54 » 1 3* •58. 049159.096 j . 136 . 0 19 . 55U-LL0__ .848 . .016
I
TABBB AVI 2 . P ro tons Prom B4Pe Bombarded by 6o-MeV Protons 
35 deg -  Bun tOZL to  deg -  Bun 5002 b5 deg -  Bun b031 **7 deg -  Bun 50U2
Energ
(Me?
r a Error Biergy a Error Energy a Error Energy 0 Error





























6 i |3 l
7,*°8
' 117630 












































































,052 20,419 .924 104 20,525 1,659i 1 497
.023







,053 22,526 .661 {040 22,64323*702







,053 24,633 1 • 9 1 5 (041 24,76|?54890








































. “34 30,954 ,936 .041 ■ 040
31,115 *11 I7* 1.655 .023 - 077 30.864 -11 , 0 14 | ,603 j -r8a .029-D9*•32,5*5
33,595
1.997
2.067 •2”, “54 33,062 ‘V  l !K

































,056 37,276too ,610 .039 10*0
37,469jSP ( R9A






7 .J 8lJ 
2.25)
,046














































1 • i 39
• ozi '47^677 









,052 |?9 ] 91 8rtl 971
,463 .035
i(H*





















,049 ^4 i 133 • 582• 426















.293 .033 *56,53? msf* son
.619 .014 156,075 .854.*75 .021.1114





ZABLE AVI 5* Protons From ®4Fa Bombarded by 6o-MeV Protons
50 deg -  Hun 5010 55 deg - Bun U025 60 deg -  Hun 50U5 6$ deg -  Bun 5011
Energy 0 Error Biergy a Error Energy a Error Energy a Error
(MeV) (mb* ster" l -MeV1) (MeV) (mb* ster" 1.MeV"1) (MeV) (mb* ster”1•MeV”1) (MeV) (mb* ster”1•MeV*1)
4.646 13.641 - 4 s * -



















































H i 935 

















14.000 j.994 • 029 13,2714.34 2.02',80
.03
-O’









16.177 1.720 • 027 I5.4j| A44P
1.721 44 .02 i 0?























{.449 • 025 19.705n , 77
1.46 












22,469 1.441 • 025 21,64
5 9 , 9 }
1.41 









































1 • 369 .024 128.27*50 Id
1.27
1 98 .02. 0?
27.745
7«r797






















32,954 f-277 .023 •22.56Ij i . m
1.18 



























3 6 . |59 











35.245 1.172 .022 (38.99 










































-  0 7
42.469 
43*52(
• 0 |9 
- ,0 (9 .-------
• 0|8 




• « 2 .........
,010
,009
{45.536 1.006 • 021 45.4246.49
.87



























45.731 .798 • 019 49.71















5 | ,628 . 633 • 017 51.85

















53,925 .735 .016 53.99













































TABLE AVI Protons From ^F e  Bombarded by 6o-MeV Protons












(mb* ster" - (nb- ster”1.MeV_1) (m b. ster' l .MeV-1) (mb-ster' 1•MeV-1)


























8*82| 5.933 *062 7.796 7.006 ,029 6,702 8,879 ,031 e.B05 4.489 .0228.846 8.624 .026 7 ,-753 6,787 .027 5,856._--- 3.Q42------- .Olfl—
10»9Z6 2*728 • 042 9.895 3.687 .021 8.B03 4,822 .023 10,906 2.097 .015. n*R 10.944 7.674 .018 9,853 9.341 .016 1.1 ,.953--------1, 66-1-------- ,0-13—
I3 .03 l f .926 *035 11.994 7.153 ,016 10,904 1,836 .014 13.008 1.300 .01213.043 1 .764 .015 11,054 1 .464 .013 14.058__ ----1 .C-79------- —.04-1—
|5 t i36 1*516 * 031 14,093 I .525 ,014 13,004 1.231 .011 15,109 .91 1 .010t n90 15.142 1.352 .013 14.055 1r079- ,011 14.159--------- .793------- ■ ■..■009—
| 7*24| I *266 *029 161793-- i.?25 , 0|2 15,105 ,§65- ,010 17,210 . 688 .009f f)9A 17.241 1 .088 .012 16,155 .866 ,010 IP,96| ----- ------------- .,008—
19*346 1 • 139 *027 18,291 I . 0IO .o n 17.206 .763 ,009 15,311 .550 .00819.340 -95a .01 1 18,956 .713 .009 20,342--- ------.492------- .007 —
21,45| 1 *033 *026 120,390 .877 ,010 19,306 ,652 ,008 21.412 •427 .00721.439 .855 .010 20,357 .673 .008 22,463--- ------.-392------- ■ .007—
23.556 *960 • 025 22.489 .796 ,010 21.407 .572 ,008 22,514 .371 .00623.538 .768 .010 99,457 .576 .007 24,564----------.325------- -.006—
25.66| *908 • 024 124,588 .722* ;oo9 23,508 .503 .007 25.415 .793 • 00678.837 .*an. . 00o 24,558 ,007 24.665----------*-967------- —.005—
27*766 *8|3 • 023 26,687 .652 ,009 25,608 ,430- .007 27.716 .947 .005.A7n .009 76 650 ,007 26,767 ... ------- —̂ 05—
29*67| *742 • 022 28,786 .574 ,008 27,709 .389 ,006 25.617 .900 .00529.835 .551 .008 28,750 .359 .006 3C.A6R ----- U-79------- .004—
31*976 . 68| • 021 3Q.B84 .5(4 .008 29,810 .333 .006 31,919 .155 ,00431.034 .404 .008 3(1 ,861) .310 .004 37,969 ___ .141------- .004—
34*Qfl| *600 • 020 32.9B3 .456 ,007 3 i ; 9 1 j .285 ,006 34.020 .132 ,00434,033 .46? .008 37,061 .965 .005 . 35,r7n . 1 17 .00-4—
3 6 . |86 *605 • 020 35,082 .398 ,007 34;0 I 1 ,253 .005 36,121 . 1 39 .003-.7,^30 , KXQ r (1fQ 36.132 ■ 3B7 .007 35,067 .936 .005 37.179 . .094------- .003 .
38.29 | *533 • 019 37«18 1 .368 ,007 36,112 ,215 ,005 36.222 .085 .003.0.341 r A©* .niA 38.231 .343 .006 37,169 .900 .005 35,273. ____.662------- .0 0 3 -
40.396 • 457 • 017 39,280 .324 ,006 38,213 ,187 .004 40.323 . 063 .003
4 | .440 t 0 1 A 40.330 .315 .006 39,963 , |75 ,004 41.374 ..... .055 .0 0 7 -
42.501 *440 .017 41,379 .294 ,006 4 013 13 .163 ,004 42,425 • 054 .00243.454 rn|7 42.429 .28 1 .006 41,364 ,159 .004 43,475 ■ 0«7 —. 002—
44.606 .367 • 015 43.478 .254 ,006 44*4 14 .141 ,004 44.526 • 036- • 002
T n f A 44.528 .005 43,464 .170 .004 46,574 .033 . . . .007 .
46*7|| *356 • 0|5 45.577 .214 ,005 44,515 ,105 ,003 46.427 • 024 . 00?47,764 , n | A 46.627 .200 .005 45.565 .106 .003 47,678 . ------.024------- -.032—
48*816 • 315 • 014 47.676 .167 ,005 46,615 ,082 ,003 46,728 • 321 .001
• 0 1 3 48.725 .165 ,004 47,666 .067 .003 4c 779 . 0 17— . Ml—
50’?2| • 247 • 013 49,775 .154 ,004 4e,7l6 ,065 .003 pC. 830 .016 .001.«!© 5n.824 .123 .004 49.766 .050 .009 5 1 Ĉ JJ ___ ,Q|6------- . 00-1—
53*026 • 232 • 012 51,874 . 116 ,004 •50.817 ,047 .002 52,931 • 310 .001
.013 57.923 .I I I ,004 51,867 .040 .002 47,081 .009- .004—
55*|3 | • 18 T • 011 53,973 .111 ,004 52,917 .037 ,002 55,1,32 • 006 .00155,022 .103 ,004 52,068 .097 .002 56 ,1187 - 00° .001
57*236 .157 • 010 56.072 .067 ,003 55,018 ,022 ,002 57.133 • 038 .001•sa.oB© . «A* . nn6 57.121 .078 .003 S f ,068 ___ 6043____ .009
5 8 .!7 1 .061 ,003 57,1 19 , 033 .002
TABLE AVI 5* Protons Proa S4Fe Boobarded by 6o-MeV Protons




(mb* ste r~ 1-MeV“1)




(tab* ster*1 • MeV*1)










































- 0 8 -.06
*05-





























































































-6 6 5 -




























23.523?4, ft7e .227-4 .95-
.004






























































34, r?ft .697-6 5 2 -
.006
.005
S I .931 
52.982
.0 8 2





























. 0 0 2
►002-
38.20
3 9 * 2 5 -
.03





















J 4 4 .3 9 I -
• 029 
-623-
.001 ■ 001 42.4041.-45- . Ql ►64- .01-6 0 -















4 5 .5 6 5
46.616-











.002.001 46,64647.697 .009- 0 6 2 - ,001.001
48,70





4S.78E5n. ft30 .005 . npo .001. 0 0 7 48.74840  TOO >005- 6 0 5 - .001►061- 50,80ft i ~ ft ft .00►00- .00►00-
51,890












.002.000 52.9525 4 . 1 1 0 3 .003.4162— .000. 6 0 0 - 55,0056.05 .00 0- .00- I J -
S t. 093 • Oil .002 55.05454.1 nft .001 ■ 002 .000-666- 57.105ft. ift
59.20
TAHLE AVH 1. Deuterons From ®*Fe Bombarded by 60-MeV Protons
15 deg -  Bun 5016 20 deg - Bun ><020 . 27 deg -  Bun 5020 50 deg -  Bun 5007
Energy a Error Energy a Error Energy a Error Energy
(MeV)
a Error
(MeV) (mb* ster" 1.MeV“1) (MeV) (mb- ster" 1.MeV-1) (MeV) (mb. ster- 1.MeV-1) (mb* ster-1 •MeV1)
5.689 -359 .033 5.757 
* 876
• 330 .019
101 9 5.685 .347 .010 5.692 .339 .010




















, 0 | l
.010




































































, 0 1 o
22.456 • 321 • 031 
- 03*5














































28,743 .445. AC, | • 036 . n*7 25.292 • 425 • 022 27,678128.725 .350.359 ,010.o i l 27.7(328.7*1 ,3 (2.310 .010 . 0 i 0
30.839 .481 • 038 31,432
32 50”














32,935 .529 .040. D47 33.571 • 446 • 022
31,867









35. *331 • 553
6 t *





























































44 4A* 2.025. 477


















. nflO '47 470 2,346
jje. .44,435 
..... \IV? ,45,482






































* I4HE2 AV22 2. Deuterons From B4Fe Bombarded by 6o-MeV Protons
35 deg -  Bun kOZL 1(0 deg - Bun 5002 45 deg -  Run 1*051 I f f  deg -  Bun 5042
Enert a Error Energy 0 Error Energy a Error Energy a Error
(MeV) (mb- ater" 1.HeTTl ) (MeV) [mb*ster-1 .MeV”1) (MeV) (mb* ster“1*MeV’"x)
(MeV) (mb-.ater-^MeV-1)






































































■ 1 197 
,215
— --- lOlo












,019 18,312 .241 10 1 4 16.407 • 216*544 A • 008 ie.25B 19 109 .233i20l .011 ',010----19,678
20,749
.230
.251 :5TS........ “ r?28
j-04-4-------











































.019 28.647 *246 ,015 26,997 • 199t i93




0 | 9 fc f 8 F u








, .-,4.72______ .009 .010----32,525
33.505 .253
t uiy
.019 33.062 .202 ,013 33.233 «4.50?
• 173 















































































.691 ,024 45,941 
47,000
• 300 .010 
.  n n ,
45.571
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TABLE AVU Deuterons From B-*Fe Bombarded by Go-MeV Protons
70 deg -  Bun 50Wt 80 deg -  Bun 5012 90 deg -  Bun tOlO 110 deg -  Bun 5015
Energy a Error Energy a Error Energy a Error Energy a
Error
(MeV) (mb* ster“x•MeV-1) (MeV) (mb* ster”1.MeV"x) (MeV) (nib. ster”l -MeVl )
(MeV) (mb- ster”1-MeV1)
101A 5,65? .950 .005














6,704 .224 • 005












.004 8,805 • 165 1004










.004 10.906, 1 057
,126 .004
































.003 15,109| 6 | Kp
• 073 • 003 
1007
17 .24 | 
4g,aa4- - 
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20,38.9 —  




































15,311 • 041 ;jo 2  
, 00?
. n r





















.002 2U4'i§ .036 (002
■ 008 


























,002.002 25.415 • 026 ,002
27.766 
28.819—  
2 9 .8 7 | 












































31.919 ■ Oil • 0 01
34,0®1 
35.134— 
3 6 , | 86 




4 1 ,4 4 9 -  _ 
42.50) 
43.554- -  
44,606 




- - ,052- —
. 0 6 6
-,035l._.
<050
-----, 0 6 1 - -
. 036
































.002 3 e ,2 l3  . -39.263 .021.018
,002
.001 3612227C 777 • 007 .001.  0 n 1
, 0 0 6  





,0U2.002 40,313 4 1.364 .023.019 ,002.001 40,323A  1 r 7 A • QQ3 ,001 T n n n
,005 








.002 .42,414(43.464 ,  033 .025
,002







^ 5 .5 65
.012
.008 'IV, -44.526 ■ 0 0 1 •001 (0001 000
46.71 | 
47.764- —  
48.816
• 010







,  0 2 0  
.01?
— -•" ( 002 




.001 46 . 427 • Oil .001
47.676 . 09? ,UU3 4 e .7 l6 .000 .000 4e,728
4e 779
00 ” 0 0 -
50.83051 ,88], 0fl 00
52,931 0 0





IAHUE AVU 5. Deuterons From MFe Bombarded by 60-HeV Protons










(mb* ster“ (mb* ster”̂ .MeV1) (mb.ster-1 •MeV1)
5.654 .264 .010 5,656 6 , 7(17 • 233. 7 p ■?
.004.004
4,64 -?4 , o®
6.70
7,74 .21 , f 7
.01
,QI-----
7.756 . 196 .008 7,758 .172 .003 8.80 .16 .01. 11R p ,pno . | 44 . 003 9,64 .. .4.2--------- —0)-----
9.858 • 145 .007 S .860 • 121 .003 10,90 .11 .01m ,« i 1 . nB5 .00? 1 1 ,94 , a h - .01 -
1 i ,959 .117 • 006 1 1.962 .070 .002 13,00 .05 .01. nnA 11 u 17 - 04R T 00® 14,04 1 o4 .01___
H.tJ6I • 005 !4,064 .045 .002 15.10 .06 .011 *31 1 1«; - 0*0 .00? 16, 14 _ .04 - .0 1
16.162 .053 • 004 16.166 • 036 .002 17.20 .03 .01(7,717 •030 ■ 00 1 18,24 ,0 3 ........... ►OL
18.264 • 04 1 • 004 18.268 • 027 .001 19.30 .03 .01nfli 19,319 .074 .001 .02 --.00----
20•366 • 020 • 003 20.370 • 022 .001 21 .00 .02 .000 . i n 21.421 .017 .nm 50,44 ,02■ - .... - .0 0
22,467 • 021 • 003 22,472 • G 1 9 .001 23.50 .01 .0073,473 • 0 1 4 - on 1 £4,55 , 0 1 ........ -.00
24,569 • 015 • 002 24.574 • 0 15 .001 25,60 .01 .00?« .017 T 00 1 76 64 , fl I —.■00
26,670 • 009 • 002 26.676 .010 .001 27.70 .00 .0077 777 1 00° 1 00 1 .28,75 .00 . .00__
26,772 • 007 • 002 28.778 .008 .001 29.80 .01 .00pc 00^ 79 ,R70 .006 . 0n 1 30 ,H4 ,00 -.00
30.874 • 006 • 001 30,880 .006 .001 31.90 .00 .00* 1 09R * 00? 31,531 .004 .001 . . .  32,95 ..... ,.B0______ , 00___
32.975 .005 .001 32.982 .004 .001 34,00 .00 .0034,1133 .004 .001 34,04 .,00 _ __ .00
35.077 • 002 .001 35.084 .003 .000 36. 10 .00 .003A f 9ft t 001 36,134 .003 •000 37, 14 .00 - .00-
37.179 • 001 • 001 37.186 . 0 G3 .000 38.20 0 03P,990 . npn .nnn 3P 737 .007 - 000 30,74 0 0
39.260 •001 .001 35.289 .003 .000 40.30 .00 .004n,33l . pp 1 • non 411,340 - op 1 1 000 4 1 ,34 .00 ____ — 00 ■
41,362 .CCS • 002 41.391 .004 . .001 42.40 0 049 ,43* . rifl 1 :nnn 4? 44p T 00 1 - 000 43,44 . 00 ,00
43,483 • 001 • 001 43.493 .001 .000 44.50 0 044 034 - 00* . 001 ,44 ,444 -00’ -000 45,54 0 0
45.595 .001 .000 46,60 0 0
0 0 47,64 0 0
47,697 0 0 48,70 0 0
4n 7PP 0 13 49,74 0 0




56,05 .......------- 0--------- 0----
57.10 0 044 1 4 ------- 0--------- -----0----
59.20 0 0
t
TABLE AViil 1. Tritons Free *4Fe Bcdbarded by 60-MeV Protons 
15 deg -  Run 5016 20 deg - Run 1*020 27 deg - Bun 5020 30 deg « Run 5007
Energy ° ErTor Energy •  SmT Energy °  ErTor Energy ° Ba”

























5,669F , 7.<7 .026n • 004n 5,757 • 033 • 006 8,6385.685 .00$.031 ,001.003 4,6445.492 .006.029 ,001.003





















































18,264 • 012 . 1 a • 006' •Off7
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* OP*


















































































































































flrar.g AVi i i 2. Tritons From B4Jc Boobarded by 60-HeV Protons 
$5 deg - Bun 1*021 1*0 deg - Run 5002 1*5 deg -  Run 1*031 U7 deS -  Run 50te
Energy
(HeV)
o Error Biergr a Error Energy c Error Energy a Error
(nib* ster" '•HeV1) (HeV) (mb* ster' '•HeV1) (HeV) (mb* ster' '•HeV') (HeV) (mb- ster" '•HeV')













































,00* 9,863 • OH 1003 9,935 f0,oos • 038* 03*







,007 11,990 .025 y 005 12,053 Is *119 • 036 •09B • 003 -•003 1 1,955 13,006___ .019 —>026------ .003 —7003—15,396 
16,466
"  .024 
.024
,00V














































































































' • 0 >7
• 003
• 00?










































,001 43,597 0 0 43,82344 AR9 .008 > ■001













0,001 47,011 0 0 46,059 49 f 1 IA .001• 00 1











50 d eg  -  a m  5010
TABLE 'AVTH 3 .  T r i to n s  Press 5*Pe Bonberded b y  6 >-HeV P ro to n s
55 deg  -  a m  1)025 &  deg  -  a m  501)3 65 d eg  -  a m  5011
" S S
a  Error Energy
(HeV)
a Error Baergy a Error Energy a Error
(nb* •tcr“ 'l »KeV- 1 ) (xab* ster"1 .Heir1) (HeV) (nb* ster" ^ M eV 1) (HeV) (mb- ster" 1.HeV*1)
1 .4 9 9





1 .496 0 0 2 . 5 5 0 0 2*504 0 0
3 . 5 9 7  





3 . 5 9 5 0
100?
4 , 6 9  4 77 • 06 . 0 0 . 4 . 6 0 7 *002 .001• 003
! 5 . 6 9 5  




. 0 0 ?
5 . 6 9 2 • 021 003 6 , 8 47,01 • 03 • 00 6 * 7 I | • 020 mnJ
f 003 ■ 7 . 7 9 2  1 A.841
. 0 2 3  
.....0 2 ?
, 0 0 2
.0 0 2
7 . 7 6 9 • 022 003 8 , 9 6 • 04 • 00 ! 8 . 8 1 4
—r 0 8 r  
• 021 ,0 0 3
9 . 8 9 0  
M0 . 9 3 9
.024
.0 2 4
, 0 0 2
.002
9 . 6 6 6 • 024 003 11 ,1 3I 9 (9fl , 0 3fit • 00 II0 .SIB *qi9--- . 0 4 3 —
*Q|4





. 0 0 2
1 1 ,9 6 3 • 016 003 13 ,2 71 A *A • 02 • 00 |3 * 0 2 | , 0 0 3
14 ,0 8 6





M.Q60 • 020 003 I 5 , 4 i • 02 • 00 15 .125 .0 1 4 • 003• 003
16 ,1 8 4
17 .2 3 3
,0 1 4
.0 1 7  ...
,0 0 2
.0 0 2
i e . 1 7 7
|7o9?6-
• 018 003 17 ,5 6tA • 01 • 00 '17*228 • 01? ,0 0 3  • 00?






16 ,274  
j°  uTflj
• 019 003 19 .709n .77 • 021 09
• 00 19 * 3 3 1 .0 1 4 • 003,001
2 0 , 3 8 0





2 0 . 3 7 2 • 016 003 2 1 . 6 4  9 7 ,0  I • 02 q9 • 0Q 2 1 . 4 3 5 . 0 0 * , 0 0 2__ , 0 0 2 ------------
, 0 0 2
, 0 0 2
2 2 , 4 7 8
2 3 . 5 2 7




2 2 . 4 6 9 • 012 002 2 3 . 9 956 , HA
• 02 n9 • 00 2 3 . 5 3 8 • o n---- ,0 0 » - ----
. 0 0 6
2 4 .5 7 6
•25 .625
. o n• oT 1
,001
.001
2 4 , 5 6 6 • Oil 002 2 6 , 1 397 | 9p • Q2D9 • 00
2 5 . 6 4 2 ,0 0 2
• 00?
2 6 .6 7 4
2 7 . 7 2 3
.0 0 7
. 0 0 8
,001
.001
2 6 . 6 6 3 • 009 002 2 8 , 2 79 0 .34 .02 1 09
• 00 2 7 . 7 4 5 • 006 • 002
1001
2 8 , 7 7 2





2 e ,7 6 0 • 012 002 £ 0 . 4 2
•31.40
• 02 • 00 2 9 . 6 4 8 • 004 • 001 3 0 , 8 7 0  3 1 . 9 I0




3 0 . 6 5 7
31 9 0 f
• 009 002 3 2 . 5 6
3 3 . 6 3
.01
• o9
• 00 3 1 , 9 5 2 • 003 ,001 132,9683 4 . 0 1 7








3 4 , 7 0
3 5 . 7 7
• 02 • 00 34*055 . 00. • 001 • 002
-35 ,066  









3 6 , 8 5
3 7 . 9 9
• 01 • 00 | 3 6 . | 5 9 • oof • 001 3 7 , 1 6 4138.213
.0 0 4
. 0 0 7
,001
.001
3 7 . 1 4 6  
7 " ,  l ° 7
• 004 001 3 6 , 9 9 • 01 • 00 130.262 . 00* ■ ■■■■_ <001 - . . .  ... 
0 0
i3 o ,262  





3 9 , 2 4 5 • 010 002 4 | ,  f 34 9 . 9p • 00 • 00 U q .366 0
4 1 , 3 6 0  





4 1 , 3 4 2
4 2 i 3 9 l
• 000 000
n
4 3 ,2 6  
44 T 35






4 3 , 4 3 9  
4 4 . 4 6 6 ----
• 002 • 
--------- 0--------- 001— 0----------
4 5 , 4 2





4 4 . 5 7 2
6 5 .6 2 4 .
0










4 4 . 3 8 5 -
47,633
;47 ,56











TABLE AVTTT If. T r i to n s  From M F e B aabarded  b y  60-HeV P ro to n s
70 deg  -  Bun 50V*
Energy
(HeV) (mV ster- i -MeV“1)
- | - , 4 S 3 -----------------&
2 . 5 0 6  0
. 3 , 5 9 8 ---------------- 8 -
4 .6 1 1  . 0 0 2
- 5 * 4 6 3 ----------- ,0 ( 4 -
6 . 7 1 6  . 0 1 6
- 7 * 7 6 8 ------------. 8 1 0 -
B .B 2 |  , 0 1 6
- 9 , 8 7 4 ----------- .0 4 0  -
10 .9 2 6  . O i l
14 , 9 7 0  --------- < 0 0 9 -
I 3 . 0 3 |  ,0 0 8
44* 0 9 4 ----------- *048—
1 5 .1 3 6  ,0 1 0
46 ,4 8 9 — ........ , 0 0 9 -
I 7 , 2 4 |  , 0 0 7
( 8 , 2 9 4  — -.008 -
19*346 .0 0 9
28*399  ---------- , 8 0 * -
2 1. 4 5 1 ,0 1 0
2 2 , 5 0 4 ----------- , 8 0 4 -
2 3 , 5 5 6  ,0 0 2
2 4 . 6 0 9 - ........ - . # « ( -
2 5 , 6 6 )  , 0 0 6
2 6 .7 4 4 ------------ .QQ3 -
2 7 . 7 6 6  . 0 0 3
2 8 . 8 1 9  - . 8 0 1
2 9 , 8 7 |  , o o t
3 0 . 9 2 4 ---------- , 0 0 4  -
3 1 . 9 7 6  , 0 0 i
3 3 . 0 2 9 -----------.901-
34,o8| , ooT .
3 5 . 4 3 4 ....... - — ,004-
3 6 . 10 6 .0 0 1
3 7 , 2 3 9 -----------------41
3 8 . 2 9 )  , 0 0 2
3 9 , 3 4 4  _  . , 0 0 l
4 0 , 3 9 6  0
4) , 4 4 9 .  -------------- 0
4 2 ,9 0 1  0
4 3 . 5 5 4  ........ 0





- ,0 0 3 ----
,003 -,002- - ,002 
-- .003-----
,003 -,002- ,002 -,002- ,002 
,802- 
,003 





60 deg - Run 5012 90 deg - Bun 1»010 110 dTg -  Hon 5015
Baergy a Error Biergy a Error Energy(HeV)
0 Error


































.002 0 0 2  7 ,757 .022 . n9 1
,002














• 0 f 2 
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,68!
.001 10,904 t f ,054
,016 
. f) 1 4
.001
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• 000 36,112 37. 16? ,002 • 001
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TABLE A T O I 5» T r i to n s  F ra n  M F e B aabarded  b y  6o-MeV P ro to n s




(mb* ster~ l *MeV~x)
135 deg - Bun to il
fiiergy
(HeV) (mb* s te r-1 .MeY"1)
160 deg  -  Run 2067
(HeV)
Error




4 .6 0 4
5 , 6 5 4
, ,6 .785
7 . 7 5 6  
f  . 6 0 7
9 ,  6 5 B  10.van
11.959 .-0-1 c
I4.C6I
15 . 1 1 2
16.162 
18*81316,264
<9 . 3 4 6
2 0 . 3 6 6
8 1 , 4 3 6 -
2 6 , 4 6 7  
23 , 8 40
24.569
25,45tn
2 6 . 6 7 0  
27 ,-7 2 1
2 6 . 7 7 2
29 ,-823
3 0 ,8 7 4  
3 1 . 9 2 6
3 2 . 0 7 5
38*026
3 5 ,n 7 7  
36,4 2 B
3 7 . 1 7 9
3 8 . 2 2 9
3 9 .2 6 0  
48 * 3 3 1.
41.382
42 .4 3 3
4 2 .4 6 3
44.-536
4 5 .5 8 5  
4 6 .6 3 6
4 7 . 6 8 7






• 004*30-1-• 002 
*883-• 002 
* 8 8 4 — 
0
* 8 5  I • 001 
* 9 8 4 -  • 001
-0-
■ 002 




* 0 0 4 -.001 
* 8 8 4 -  • 001 
* 0 0 4 -  
0
* 0 8 1 -.001 *000- • 000 8-
1.451  
~ . 502-
3 . 5 5 3  
- 4 .6 Q 5 -
2 . 5 03.55





7 . 7 5 8  
- 6 . 6 0 9 -
• 0 < 3
• 8 1 6 -
.001
* 0 0 4 -







* 0 0 4 -
8.80
9.85-
I I .96? 
-4-3,403-
• 0>2
* 0 8 9 -
14.064
- 1 5 . 1 1 6 -
• 006  
*086—
.001
* 0 0 4 -.001*00-1—
10 .90  
-I 1.9 5 .





• 0 0 4-
.001
*004—
15 .10  
16.15-
ie.268
- 1 9 , 3 1 9 -
• 003  
*002-
.000*000- 17.2018,25-








2 2 . 4 7 2
- 3 3 -* 5 2 3 -
• 902  
*882-
2 4 , 5 7 4









* 0 8 1 -
• 000 
* 0 0 8 -
2 3 .5 094,54
.000
* 0 0 8 -
2 5 . 6 096,65
2e.778 99,P9Q
.001
* 0 8 4 -
.000
► 008-
2 7 .7 0
28-75
3 0 .8 8 0
-3 .1 ,9 3 4 -
• 500  
. 0 5 0 -
.000.000-
2 9 . 8 0
an. 85.
3 2 . 9 8 2
- 3 4 .H 3 3 -
• 000 
* 0 0 8 -
.000
* 0 0 8 -
3 I .»01 94
3 5 .P 8 4  
- 3 6 . 135 -
• 000 
* 0 8 8 -
3 7 . 1 8 6  
—3 8 .  ?-37
.000
-0-
.000*000- 3 4 . 0 0  , 3 5 . n5..000 36.10
3 7 .-1 5 -
3 9 . 2 8 9  
- 4  Q ,34Q-
4 1 .3 9 1  
- 4 2, 4 4 8 -
0
* 0 8 8 -
38,2o39 94
4 3 .4 9 3
-44,564-
0





4 5 .5 9 5
■46 , 66 6
0
* 0 0 8 -
4 2 . 4 0
4 3 , 4 4
#■7.697
- 4 8 * 7 4 8 .
0
*880-
4 4 . 5o44 44
0
* 9 0 8 -
4 6 ,6 0
- 4 7 . 6 5 -
48.7049,74
5 0 . 8 04 I ,84
5 2 . 9 0
43.94
5 5 . 0 0
5 6 . 0 4
5 7 . 1 048, 14
5 9 . 2 0
0













* 0 8 -.00 
 0-
0
* 0 8 -
0*88.00
* 0 8 -.00
- * 0 8 -.00
*00-.00*00-
0
* 0 8 -
0
* 0 8 -.00
-8-.-00—8-
0
* 0 8 -.00 
—8-
0




15 deg  -  Bun 5016
TABLE ATT 1 .  H e llu a -3  E ra a  **Ee B coberded b y  60-MeT P ro to n *
20 d eg  -  Bun U020 27  d eg  -  Bun 5020 30 d eg  -  Bun 5007
Energy 0 Error Biergy 0
Error Energy a Error Energy a Error
(MeV) (mb* ster" l -MeTT1) (KeV) (nb* ster" '.MeV- 1 ) (HeV) (mb- ster- '•KeV-1 )
(HeV) (mb- ster" '•HeV-1 )
1 .4 9 8 0 0
1 ,497 3 0 1 ,4 7 7  
7 *47
0 0 1 .4 9 6 0 0
2 , 5 4 7










4 , 6 4 4










6 .7 4 1










8 , 8 3 8

























, 0 0 3
.0 0 4





15 ,1 3 0  





16 ,168 •036 • 004 16 ,4 5 5 • 081 • 009 1 5 , )1 1  16#158




17 .2 2 7
18 .2 7 5




I 6 , 2 6 4 • 333 • 009 18 ,594 • 071 • 009 17 ,2 0 5  l « . 553





2 0 . 3 7 2
.0 3 8
,037
, 0 0 3
,0 0 3





2 1 ,4 2 1
2 9 . 4 7 0
.0 3 2
,040
, 0 0 3
,0 0 4





2 3 , 5 ) 8
2 4 .5 6 7
.0 4 0
,(137
, 0 0 4
.0 0 3





2 5 . 6 ) 5
2 6 . 6 4 4
.0 3 5
.0 3 9
,0 0 3  
.. ,0 0 3
2 6 , 6 4 6 • 033 .010 ,27 .153 .0 7 5 • 009
• 009
2 5 , 5 8 4





2 7 . 7 ) 3










2 9 , 8 ) 0





3C.B39 • 321 • 008 3 1 , 4 3 2
15 i^O?
• 060 • 009\ oo°
2 9 , 7 7 3
3 0 . 8 2 0
. 0 3 2
. 0 3 2
,0 0 3
.0 0 3
1 1 , 9 0 7
1 9 . 9 5 5
.0 3 ?
.0 5 7
,0 0 3  
. . , 0 0 4 __
3 2 .9 3 5 0 6 2 . 0 1 4 33 ,571
74 A4j
• 138 • 012
• 00*
3 1 , 8 6 7





3 4 , 0 0 4
3 5 . 0 5 3
,0 4 7
, 0 3 3
, 0 0 4
,0 0 3
35.1)31 • 033 • 010 3 5 .7 1 1 .0 5 7 • 008 3 3 , 9 6 23 5 . 0 0 9
.0 4 9
. 0 3 9
,004
.0 0 3
3 6 ,1 1 1  
3 7 . 1 5 0
, 0 4 6
. 0 3 7
,0 0 4
,0 0 3
3 7 , 1 2 7
SP 175
0 5 3  
. 0*'n
• 013  
. n 19
37 ,8 5 1
3* o?)
• 059 • 006 3 6 , 0 5 6  





3 8 , 1 9 8





3 5 , 2 2 3Art , 97 1 • 033 . ^7.7 • 010 . p i n 3 9 . 9 9 0 • 046 • 0071008
38 ,1 5 1





4 0 , 2 9 6
4 1 . 3 4 4
.0 3 4
.0 4 0
, 0 0 3
,0 0 4
4 1 , 3 1 9
45 7*7
0 4 5 • 012
‘ 0 1 4
4 2 ,1 3 0  
47 290
• 059 • 008  
i 011
4 0 . 2 4 5
4 1 . 2 9 3
.0 4 4
. 0 5 4
,0 0 4
.0 0 4
4 2 , 3 9 3





4 3 , 4 1 5 • IQ7 • 018 4 4 ,2 7 0A* 770 .1 4 5T 07° • 013  r P87
4 2 , 3 4 0





4 4 , 4 9 0










4 6 , 5 8 7





4 7 ,6 0 6 0 0 4 6 , 5 2 9 , 0 3 3 , 0 0 3 4 8 , 6 1 4 0 0
48.624 0 0
TABLE A l t  2 . H elium -3 F rc o  ®*Fe B onbarded b y  6 o -H e7  P ro to n s
35 deg -  Bun 0021 1(0 deg -  Bun 5002 1*5 deg -  Ban 1)031 1*7 deg -  Bun 5042




(MeV) (mb* eter" l .MeV"1) (MeV) [ob* ater’ 1 .MeV"1) (MeV) (mb* s te f" 1*MeV"1) (mb* ster" '•MeV"1)
1 .4 7 8 (1 0
2 . 5 4 9
3 . * 2 0 n
0









4 . 6 9 0




0 3 , 5 6 2 0 0 3 . 5 6 0d  *30 00 00 -
3 , 5 5 2





6 «8 4 ' 








5 , 6 9 8d 0O 0o




i . « 7 2




0 7 , 7 7 6 0 0 7 , 8 1 7 00
0
o






1 1 . T i s
1 2 , t a 4
, o i s
.0 9 9
, 0 0 4 9 , 6 6 3 0 0 9 , 9 3 5 0 0 9 , 6 5 4





14 ,3 2 5
.1 0 7
.1 0 3
, 0 1 2
,0 1 2 11 ,990 • 032 • 005 12 ,0 5 3 .0 7 0 .0 0 5 11 .9 5 5 • 034
1 c l ?
,0 0 4  
; o j 4 __7 5 7 3 9 8 - ......
1 6 ,4 6 6
1 .071'  
. 0 6 4
,010
,010 14 ,096 • 031 • 005 14,171 .071 • 005 14 ,0 5 6  fB 107
.0 2 9  
t o?°
.0 0 4  
• 004177537'  
18 ,4 0 7
.0 4 9
7053
, 0 0 8 —  
,0 0 9 16 ,2 0 5 • 022 • 004 16 ,2 6 9  17 346
. 0 8 9 • 004
.0 0 4
16 ,1 5 7
• 1 7 , 2 0 6
• 017 
______ ,0 1 6 ____
.0 0 3  
... . 0 0 3 —
19 ,678
2 0 ,7 4 9
. 0 5 3
.0 3 4
, 00V







- . 0 0 3 __
2 1 .1 1 9
2 2 ,1 9 0
.0 3 ?
.0 4 4
, 0  07 
, 0 0 8 2 0 .4 1 9 • 020 • 004 2 0 , 5 2 5?!
• 039 
t 037
. 0 0 4
- 00 '
2 0 , 3 5 99\ J t 0 • 022 - 0?0
.0 0 3
. 00 -T2 3 , 9 6 0 '




,0 07 2 2 , 5 2 6 • 015 • 004 2 2 , 6 4 3?* 70?
• 037 , 0 0 3
i 004
2 2 , 4 6 0?•% Kl |
. 0 2 4 .0 0 4
- 01s26 ,1 0 1
2 7 . 1 7 2
. 0 4 3
.  036
, 0 0 8
,0 0 7 2 4 , 6 3 3  2 1 , 6 8 7  •
• 015 , 0 0 4
- 1003
24 ,7 6 1
?* P?0
• 030 .0 0 3
, no-*
24 .5 6 1
? •  AIJ • 014- 0 !7
. 0 0 3
. 00*2 8 . 2 4 2
2 9 , 3 1 3
.Q47
. 0 5 0
, 0 0 6
. 0 0 9 2 6 , 7 4 0 • 021 1004 _____ r004____
2 6 , 6 7 9
------ 3 7 , 9 3 6 -




2 6 , 6 6 2
27 717
• 014
- 0 f 9
• 003  
. 00®JD,0 9 4  
3 1 , 4 5 4
. 5 5 ?
.0 6 3
, 0 0 9
,009 2 6 , 6 4 7 • 035 • 005 2 6 . 9 9 7**0 0**









t oo93 2 , 5 2 5














- n o 4





i 00*0 4 ,6 9 6
3 5 .7 3 6
. 0 4 9
. 0 3 0
,007
. 0 0 7 3 3 , 0 6 2  74 1(5






3 2 , 9 6 5  
7 J 01 *
• 026  
i 0 '*
• 004
100*3 6 . 8 0 7




,0 0 7 3 5 , 1 6 9  3 4 , 2 2 2
• 013 • 003 35 ,3 5 1
36 410
• 020 .0 0 3  
■ 00?





• 0073 8 , 9 4 8
4 0 , 0 ( 9
.... ;o s n
. 02}
,0 0 7
, 0 0 6 3 7 .2 7 6  38 329
• 003 • 002 3 7 , 4 6 9  
36 528
• 021 . 0 0 3 37^ 167 
7° **17
• 008 • 002 
100?4 1 , 06v 
4 2 ,1 6 0
. 027 
. 0 2 0
,006










































TABLE ABC 3 . HeUum-3 From ®*Fe Bombarded b y  60-MeV P ro to n s
47 ,633





5 3 , 9 2 5
■54,973
56.022
■53 . 87 0
5 6 . 1 19
5 9 ^ 4 -6 7 -
48.779
50 deg -  Bun 5010 55 deg -  Bun U025 6o deg -  Bun 50^3 65 deg -  Run 5011
a Error Biergy a Error Biergy a Error Energy
(MeV)
a Error
(MeV) (nb« ster*1*MeV*1) (MeV) (nb» ster”1*MeV*1) (HeV) (tab- ster -1 MeV-1 ) (n b-ater*1 MeV1)
0
1,899











3 , 5 9 7





3 , 5 9 5 0 0 4 , 6 9
* 7?
0 0 4»607 0 0
-0
5 . 6 9 5









0 6 t 7 l |  
7 i ? * I
0 0
. . .  0 . ........—
7 , 7 9 2





7 , 7 8 9 0 0 6 , 9 6 0 0 8 . 6 1 4 0 00
9 , 8 9 0
I 0 , 9 3 q
0
. 0 0 6
0
.001
8 , 8 8 6 0 0 11 ,1 3l ? | 9 0
. 0 5 .0 0 1019 18 • 008 ,001 
■ 008
11 ,9 8 8  
13 ,0 3 7
.033
.0 2 7 .........
, 0 0 2
.0 0 2
11 .9 8 3 .0 2 9 • 004 13 ,2 714 34
.0 5 • 00 | 3 t 0 2 | • 026 , 0 0 8
>00*




, 0 0 2
, 0 0 2
14 .080 *025 • 003 1 5 . 4 |  I6 .4R
• 05 • 00 
,  00
15 .1 2 3 • 021 , 0 0 3
, 0 0 3
16 ,1 8 8





16 .177 • 025 • 003 17 ,56f f i , 6 l
• 03
, 0s




18 .2 8 ?




. 0 0 2
16 .274 • 020 • 003 19 ,70Sp ,7 7
• 03 
. 0*
• 00 | 9 , 3 3 |  
J 0 t', s 7
• 016 ,0 0 3
,0 0 7
2 0 , 3 8 0
2 1 .8 2 9




2 0 . 3 7 2 .0 2 0 • 003 2 1 , 6 459 | Q | • 02• 09
• 00 2 1 . 8 3 5  
2 2 , 4 8 7  -
• 010 >002 
. , 0 0 2  —.........
2 2 , 8 7 8
2 3 . 5 2 7
.0 1 8
. 0T6
, 0 0 2
. 0 0 2





2 3 , 5 3 8
28,?®0
• 006 >002
- > 0 0 2 -----------
, 0 0 2  
—, 002—.
2 8 , 5 7 4
2 5 , 6 2 5
.p r?
. p i ? - .....
,0 0 2
.0 0 2




• 00 2 5 . 6 8 224 ,49 ; ,
• 006 2 6 . 6 7 8





2 6 , 6 6 3 .0 1 9 • 002 2 6 , 2 7
5 0 , 3 4
-02  
. 0*
• 00 2 7 . 7 8 5
2 8 , 7 9 7
• 007 , 0 0 2  
- , 002 - -
2 8 , 7 7 2
2 9 . 8 2 i




2 8 ,7 6 0 .0 1 3 *002 3 0 . 4 2
? f , 4 0
.0 3
. 0 s
.0 0 2 9 .B 88 • DOB ,0 0 2  
—>002 -  -
3 0 , 8 7 0










3 1 . 9 5 2
33 i00^
,0 0 8  
, g |T
, 0 0 2
, 00 ’
3 2 , 9 6 8





3 2 .9 5 4 • 016 • 003 3 4 , 7 0?Rt 77
• 02 • 00 3 4 . 0 5 5  
3 * . | 07
>00B , 0 0 2
, 00?
3 5 , 0 6 6
3 6 , 1 1 5
• POO 
. 0 0 6
,001
.001
35 ,0 5 1 • DM • 002 2 6 , 6 5
?7 » g 2
• 01 .0 0 3 6 . |5 9
37 • 2 1 0
.0 0 8 ,001
,001
3 7 . 1 6 4  










30 r ̂  | 4 .0 0 2
>001
,001
3 9 , 2 8 2  
8 0 .3 1 1
.0 0 3
.0 0 3
, 0 0 i
.001
3 9 , 2 4 5 • 009 • 002 4 1 , 1 3
4 > ,7 0
.01 • 00 
88—
4 0 . 3 6 6  
4 | f4 17 , 0 0 0
,0 0 0
,0 0 0
8 1 , 3 6 0





4 1 , 3 4 2
42'XQl




• ol • 00
• 00
4 2 .4 6 9
4Xff5 2 |
• 000
------ . 0 0 0 --------
,001
0
,0 0 0  
—>000  -  -
8 3 , 8 5 8
8 8 .5 0 7
• poj
.0 0 4
, 0 0 0
.001
4 3 , 4 3 94 4 ,4RA • 004 • 001 . n n i
4 5 . 4 2
4A 40 • ol
• 00 4 4 . 5 7 2
4 S .4 2 4
,001
n
8 5 . 5 5 6
8 6 . 6 0 5
.0 0 0
n
, 0 0 0
0
4 5 ,5 3 6
46*585
• 006
— MO---- • 002 ----.-turn 4 7 . 5 6  -_48*A 3- - 0-8 - 0------o— 46*67647*128- 0 0------0---------
8 7 .6 5 4








TAHiE ADC It. H e liu a -3  From E*Fe B ocbarded b y  6o-HeV P ro to n s



















-9 .67 -4—  
1 0 .926  
-M.S7-9—  
| 3 . 0 3 |  44.034 
1 5 . 13616.439----
17.241
4 8 .2 9 4 -------
19 .3 4 6  
2 0 .3 9 9  
2 1. 4 5 1 
2 2 .5 0 4  
2 3 .5 5 6  
2 4 .4 0 9  
2 5 . 6 6 |  
26.7-1-4 
2 7 . 7 6 6  
2 6 .8  49-





3 5 . ( 3  4____
3 6 . |S6
3 7 . 2 3 9 ------
3 6 . 2 9 | 
3 9 .3 4 4  
4 0 .3 9 6  
44 .449 -  
4 2 .501  
4 3 .5 5 4  
4 4 .6 0 6  
4 5 .6 5 9
48.816
(mb* s te r“ l .MeV’*1)
Energy
(MeV) (mb* ste r^M eV ”1)
Energy
(HeV) (mb- s te r-1 -MeV"1)
3 , 5 9 8 a 0
1 , 5 3  U
2 , 50 1 0 0 2 , 501 0 0
4 . 6 4 8 n 0 7 551 n n 7 0------ -----------0—
5 . 6 9 7 n 0 4 , 6 0 2 0 0 4 . 6 0 3 0 0
A. 747 0 0 5 659 n n e *57 _____Q------ -----------0—
7 , 7 9 6 n 0 6 , 7 0 2 0 0 6. 7Q4 0 0
n 0 1 757 n n 7 75c ______Q------ -----------0—
9 . 8 9 5 n A e , B03 5 8 e , *C5 0 0
10. o44 .00*5 . 00? C 057 n Q C A5f -----------0------ -----------0—
11. 994 • 026 , 002 1 0 , 904 • 009 • 001 1C.904 • 002 • 000
I 3 . n 4 3 .031 . 0 0 2 t 1 , 050 . n47 . o n ? 1 1 069 . 0 10 ... ----- .004—
14 . 093 , 024 , 0 0 ? 13 , 004 , 0 4 6 • 002 1 3 , OCR . 01 5 • 001
15 . 142 • 02ft . 002 1 4 . n55 . 040 . o n ? 1 4 r*60 . 015 ♦ 004—
1 6 , 192 • 015 , 001 15 , 105 • 032 • 002 15,  109 • 009 • 001
17.241 . 0 1 5 ,001 i * . 155 . 0 2 4 • 002 1* 1*9 ------------M A —
18.291 • Oil ■ ,001...... .. 17 , 206  • • 0IB • 001 1 7 , 210 • 005 • 001
19 . 340 .bU , 001 I P . 950 . 0 1 6 . 001 __------------ , 001—
2 0 , 3 9 0 • o n ,001 19 , 306 • 015 • 001 19.311 • 006 • 001
2 1 . 4 3 9 .011 ,001 . 01 3 . n n i ° ’r . Q04----------- rOOA----
2 2 , 4 8 9 , 010 , 001 2 1 . 4 0 7 • 009 • 001 2 1 . 4 1 ? • 00? • 001
2 3 . 5 3 b . 0 0 7 ,001 9 2 . 4 5 7 . 0 0 9 .001 2? . . 003-----------MA—
2 4 , 5 8 8 . 009 ,001 2 3 , 5 0 8 • 009 . 001 2 3 , 5 1 4 • 002 • 000
2 5 . 6 3 7 . 0 0  6 ,001 9 4 .55R . 008 • not 74 5*4 • 00? ------8-000—
2 6 . 6 8 7 . 00? , 0 0 1 . 2 5 , 6 0 8 • 009 • 001 2 5 , 6 1 5 • 0C2 • 000
2 7 . 7 3 6 . 0 0 5 .001 7 6 . 6 5 0 . 007 • not <74 6*5 - 00 1 ------8-000—
2 8 , 7 8 6 . 0 0 5 ,001 2 7 , 7 0 9 • 006 • 001 2 7 , 7 1 6 • 001 • 000
2 o . a34 . 005 .001 2 6 . 7 5 9 • 007 • 001 ?P 967 , 001-----------, 000—
3 0 , 8 8 4 . 004 ■ o o r  ' 2 9 , 8 1 0 • 006 • 001 2 9 , 8 1 7 . 000 • 000
3 1 . 9 3 4 .00.1 , 001 .in . «6n . 0 0 6 .001 7fl n*a * 001 . ,.000—
3 2 , 9 8 3 . 0 0 5 #o o r 31 . 911 . 0 0 7 • 001 3 1 , 9 1 9 • 000 • 000
3 4 . 0 3 3 . 004 . 001 3 7 . 961 . 006 . n n i 77 060 * o c  ? . 000—
3 5 , 0 8 2 . 004 ; o a t 3 4 , 0 1  1 • 002 • 001 3 4 , r . 2 0 • 001 • 000
3 6 . 1 3 2 . 0 0 ? , 000 35 . fl69 . 0 0 3 . n n i . ..0 0 0 —
3 7 , 6 1 . 0 0 ? , ouo 3 6 , 1 1 2 • 002 • 000 3 6 , 121 • 000 • 000
3 b . 231 . 001 , 000 3 7 . 1 6 9 . n n i • nnn 77 l7p -  c o o ■. 000—
3 9 , 2 8 0 • 001 , ao o 3 e , 2 l 3 • 001 • 000 3 6 , 2 2 ? • 000 • 000
40 . 33 0 .001 • 000 3 9 . 2 6 3 • 001 • 000 7C 777 * n C ft , ,.000—
4 | , 379 • 00! • 000 4 0 , 3 1 3 • 002 • 000 4 0 . 3 2 3 0 0
4 2 , 4 2 9 . c o n , oon 4 1 . 3 6 4 • 001 • 000 0 --------- 0—
4 3 , 4 7 8 .001 , 000 4 2 , 4 1 4 • 001 • 000 4 2 , 4 2 5 • 000 • 000
4 4 , 52 8 0 n 4 3 . 4 6 4 0 0 0 ____ 0—
4 5 . 5 7 7 0 0 4 4 , 5 1 5 0 0 4 4 . 5 2 6 0 0
4 6 . 6 2 7 n 0 4 5 . 5 6 5 n 0 4C 576 n _____ 0—
4 7 . 6 7 6 0 0 4 6 , 6 1 5 0 0 4 6 . 6 2 7 0 0
4 8 . 7 2 5 n n 4 7 . 6 6 6 n n O 0—
4 e , 7 I 6 0 0 4 8 I72B 0 0
ro
•p -o
TABLE AEC 5* Helium-3 From ®4Pe Bombarded by 6o-HeV Protons 








(MeV) (nb- ater- 1 -MeV“1)
1 . 4 5 1
- 2 . 50 2
2 . 5 5 3
- 4 . 6 0 4
5 . 6 5 4
- 4 . 7 0 5
7 . 7 5 6
5. R a n  
-10,908
I I .959 42-H-4 0
I4.U6I  
45.112—
1 6 . 1 6 2
4 7 , 3 -13-
i e .764 
4-5,3 I 5
2 0 . 3 6 6
2 -1 ,-4 1 6 -
2 2 . 4 6 7
23^54-8-
2 4 . 5 6 9
2 5 , * 2 0
2 6 . 6 7 023,721-
2 6 . 7 7 2
2 2 , 2 2 3
3 0 . 8 7 4  
3 1 1 9 2 5
3 2 . 9 7 534,4)26
3 5 , n77 
3 6 . 12 8-
3 7 . 1 7 9  
3 2 —3 2 9 -
3 9 . 2 6 0
43.331.
4 1 . 3 6 2  
.4 2 ,4 3 3
4 3 . 4 6 3
4 4 . 5 3 4
4 5 . 5 6 5
4 6 , 6 3 6 -
4 7 . 6 6 7
4 6 . 7 3 7
• 0 0 3  
















. 0 0 2
. 0 0 2
. 0 0 1►024-
. 0 0 1►024-
. 0 0 1
►024-
. 0 0 1
►303-
. 0 0 0
►022-






-5 3 2 -
2 . 5 o
, 3 .5 5 ,
3 . 5 5 3
- 4 , 6 0 5 -
4 . 6 0
_5-J>5_
6 « 7 o
7 , 7 5
5 . 6 5 6
- 6 . 7 0 7 .
8 . 6 0
-9 .6 5 -
7 . 7 5 8
P . 806
1 0 . 9 0
- 1 1 . 9 5 -
5 . 8 6 0  
- 1 0 . 9 1 I










1 4 . 1 . 6 4  
- I S . I  15-
1 6 , 1 6 6  
- 1 7 . 2 17
18,268
- 19. 319-
•  0 31  
►233-
• 0 2 7
.  P I 7 -  
. 0 1 3
• 0'0-
. 0 0 1
►804-
15.10
- 1 6 , 1 5 -
2 0 . 3 7 0
- 2 1, 42 1
• 008 
►336-
. 0 0 1
►804-
. 0 0 1
►234-
1 7 . 2 0









2 2 . 4 7 2
■2 3 , 5 2 3 -
. 0 0 5
► 324-
•  0 0 1  
►384-
2l , 4o
-22. i 5 -
2 4 , 5 7 4
—25, - 6 2 5 -
2 6 . 6 7 6  
-  2 7 , 3 2-7-
•  004 
►323-  .003 
►323-
•  0 01 
►804-
. 0 0 1
►333-
2 3 . 5 0
- - 2 V . 5 . 5 -





2 8 . 7 7 8
- 2 5 , 8 2 9 -




2 7 . 7 0
- 7 8 . 7 5
3 0 . 8 8 0-31,931.
. 0 0 2
►334-
, 0 0 0
►333-
3 2 , 9b 2
3 4 , 0 3 3
• 032 
. 0 3 1 -
.000
►333-
2 9 . 8 0







3 l . 9 0 
- 3 2 . 9 5 -




, 0 0 0
. 0 0 0
36.10 







3 5 , 0 8 4  
-3 6 -  135
3 7 . 1 6 6  
■38,237
•  000 
►333-
3 9 . 7 8 9
- 43^349-
. 0 0 0
►030-
. 0 0 0
►333-
41 , 391 





3 8 . 2 0
- 3 9 , 2 5
4 3 . 4 9 3
- 4 4 . 5 4 4
.0 0 0
►000-
4 0 . 0 0
- 4 1 . 3 5 -
4 2 , 4 0
- 43. 45-
4 4 . 5 0
4 5 , 5 4




4 7 . 6 9 7
4 8 . 7 4 8
4 8 . 7 0
-4 9 .7 5 .
5 0 . 6 0  
: I . H5



























5 6 . n *5 n p
57,10 0 0
1*; ----- 0----- ----- 0---
ro
-p -
TABLE AX X. Alphas From s*Fe Bombarded by 6o-MeV Protons
15 deg -  Run 5016 20 deg -  Run 1(020 27 deg -  Run 5020 30 deg -  Run 5007
Energy a E rror Energy a E rro r Energy 0 E rro r Energy 0 E rro r
(MeV) (mb* s t e r -1 •MeV-1 ) (MeV) (mb* s te r" i.MeV- 1 ) (MeV) (mb* s t e r -1 •MeV- 1 )
(MeV) (nib* s t e r -1  •MeV- 1 )
M ,u 7 2 .8  17 .0 4 9 1 4 .315 .7 5 4 .0 2 9
1 02* 1 4 .06 3 .8 0 6 .0 1 6 14.081 ,7 5 4 .0 1 6
16 ,108 .51 1 .0 3 9  
1 0 3*
I 6 ,4 5 5
I1) COA




, 0 | 4
.0 1 3
1 5 ,13 0







16 ,264  
] 0 T I o
• 35 5 • 032
r 0 2 “
i e .594 • 345 .0 20
‘ n n
1 7 ,20 5





1 7 ,2 3 7






'21  * T “
• ?67
. 1 OA
.0 2 8  
t 024
2 0 ,7 3 4 • 239 
#»‘»7
.0 1 6 1 9 ,300
2 0 .3 4 7
.3 1 2
.2 72
,0 1 6  ' 
.0 0 9
19 ,324
2 0 .3 7 2
.2 9 3
.2 3 9 : !
0
)9
'22 ,45 6  •jx >;m • 1 75* 1 M
.0 23  
. poo 2 2 ,8 7 311 O i t
199 .0 1 5
.nil?
2 1 ,3 9 4
2 2 .4 4 2 •24* .211
,0 0 8
,0 0 a
2 1 ,4 2 1





2 4 .5 5 2  
? “ * n 0
.1 5 7
. | l O
.0 22
- 0 t 0





2 3 , 5 ) 8












2 5 , 6 ) 5





2 e ,7 4 3  
? c 7°  1
.1 0 4
- n7 7
.0 18  
, g (5




. 010 2 7 ,6 7 8





2 7 , 7 ) 3
2 8 .7 61
.1 2 5




3 1 4 PM7 -
.0 14
. p 1 4 .
3 1 .4 3 2 .0 8 4 . 010 2 9 ,7 7 33 0 .8 2 0




2 9 ,8 1 0





3 2 ,9 3 5
3!» , QflT
.0 50 .0 1 2
.pn o





3 1 ,9 8 7













.0 4 4 .0 0 7
. ft OR
3 3 ,9 6 2





3 4 ,0 8 4





3 7 .1 2 7  
3P , 1 75
. 098 .0 1 7
. p 1 6
37 ,051
1 A OO t
. 099 • 010 
nno
3 6 ,0 5 6  
3 7 ,1 0 4
.0 4 2
.1 0 2
' ,0 04  
.0 0 6
'3 6 ,18 1  





3 5 ,2 2 3
4 p 4 0 7 |
.3 6 2  
. r]RA
.014
. g I 3
3 9 ,9 9 0 .0 5 7 . . 00s 3 8 ,15 1  





3 8 ,1 9 8





4 1 .3 1 9
4 0 ,3 6 7
. *345 
■ 1*»9
.0 1 2  
- P 1 3
4 2 ,1 3 0 055 .0 0 8
. 0 0 8
4 0 ,2 4 5





4 0 ,2 9 6
4 1 .3 4 4
.071
,0 5 2
,0 0 5  
.0 0 4  _
4 3 ,4 1 5




. n i 4
4 4 ,27 0 066 .0 0 9
0 0 7
4 2 ,3 4 0





4 2 ,3 9 3
4 3 .4 4 1





4 4 ,5 5 8
.0 4 5
.8 43
.0 12  
.n  13





4 4 ,4 9 0





4 7 .6 0 6  
4 8 ,6 5 4
.0 39  
. 8 59
.011 
. p 1 3
4 8 ,5 4 9  
49 619
• 051 .0 0 7  
■ 0 0 6
4 6 ,5 2 9





4 6 , 5 . 7





4 5 ,7 0 2  
5 n ,7 5 n
• 039
. p 4 8
• Oil 
. n t o




.0 0 6  
«007
4 8 ,6 2 4





4 8 , 6 . 4





5 1 .7 9 8





5 2 ,8 2 8  
5 3 ,8 9 8
.0 1 7 .0 0 4
.  0 0 3
5 0 .7 1 8  





5 0 ; 7 « l  





5 3 ,8 9 4  





5 4 ,9 6 8 .0 0 9 .0 0 3 5 2 , 8 ) 3





3 2 ,8 7 9





5 5 .9 9 0  
5 7 , M38




5 4 ,9 0 7
5 5 .9 5 5




5 4 ,9 7 6





5 e , l i B 6





5 7 ,0 7 3
5 8 .12 1
0
.0 0 0  _
0
.0 00
5 9 ,1 7 0 0 0
1




(mb* s t e r -1  •MeV-1 )
TABLE AX 2. Alphas From s*Fe Bombarded by 6o-MeV Protons 



































































,015 20,419 ,215 ,014 20,525 21 Rfl4













- - t014 ---
,013 22,526


















'-pc | 90 0








































































,040 ,006 35.35134,4 1 0 .029 . 01 n • 003 ,00?
35,066 





.93!.030 • S n9,007
JGyTjiCB;





37.1673P,9 17 .045■ 0*!
.005 in (14



























































• S ? !
- ,006 " 















,003 49,918 0 0n





















54,413 • 001 >000
50 d e g  -  Hun 5010
TABLE AX 5 . A lp h a s  From  M F e  Bom barded b y  60-MeV P ro to n s
55 d e g  -  Bun **025 60 d e g  -  Bun 50^3 65  deg -  Bun 5011
Energy
(MeV)
M . o e o
+ #,.+29- 
16 .177  
+7-^226-
E rro r
(mb- s t e r - 1 -MeV1)
.538
- 4 3 8 -
.326




























19 . 3 2 3 -
20 , 3 7 2  
24 , 4 2  0-  
22 , 4 6 9  
2 3 ,  5 47-  
24 . 5 6 6  
2#t# 4 4 -
26 . 6 6 3  
2 3 ,7  H -
. 0 1 2
- 0+ # -
15.41 





17 .56  
J-8 .63L







~ ~ 3 i -
.2 4




-+ # 3 -
.007
-047 -














2 3 ,9 9




- 0 9 5 -
2 6 ,1 3  
2 7 , ?  0 ..
. I I




- # l ----
. 0 1
- . 01 —
. 0 1
—04—
15 . 125 
-+6^-+76—  
| 7 .228  
- 1 6 .2 8 # -  
| 9 . 3 3 | 
- 2 0 .3 8 ?
.36 7








I 9 . 3 3 |
2 | . 435  
-2 2 .4 8 7 -  
2 3 .5 3 8  
-2 4 ,5 9 0 -  
2 5 .6 4 2  
-2 6 .6 9 3 -
, 142
r+ 2 0 —
> 120 
-096-
. 0 8 0




0 0 7 -
2 0 ,3 8 0
2 1 .4 2 9
2 2 ,4 7 8
2 3 .5 2 7
.062
- 0 5 0 -
006
,0 0 6 -
005
008-
2 4 ,3 7 6
2 5 . 6 2 5
26 .6 7 4
2 7 . 7 2 3
. 2 6 8
. 2 1 3
.173  
. 137

















" i T re r
, 00226 . 7 6 02 9 .808-
30 ,8 5 7  
3 1 . 9 0 5




37 , 1 4 8  
38t +97-
3 9 ,2 4 5
4 4 , 394-
41 . 3 4 2  
42-.39X
43 . 4 3 9
4 4 .4 8 6 -
45 , 5 3 6
4 6 , 585-
4 7 ,6 3 3
4£,.Afl2-
49.731
5 0 ,7 7 9 -
51 . 8 2 8  
5 2 , 87 6-
5 3 ,9 2 5  
5X ^973-
56 , 0 2 2
5 7 , 0 7 0 .












3 0 .4 2  
3 I , 49
. C37 





3 2 .5 6





3 4 . 70
- 3 5 ^ 7 -






. 0 0  
. 0 0 - 








3 6 . 8 5
-,1Z .#2-






3 8 ,9 9  
.4 0 . 0 6 -
. 0 0 2  
-.#02- 
. 0 0 2  
— 00 3 —
. 0 1 4
- # # 6-
. 0 0 2
- # 0 7 -
4 1 .1 3
. 4 2 . 2 # -
4 3 ,2 8
- 4 4 .3 5 -
4 5 . 42
4 6 , 49
. 02  
- . # 1-  
• 0.1 
..# 3 ., 









.# 0 3 -




. 0 0 2
.#01 -
. 0 0 1
-##X









. 0 0  
.# 0 —  
• 00 
- 0 0 —
4 9 . 7 1
J5+U7-B-
. 0 0 0  
-0-
5 1 , 8 5  
5 ?  T 9 ?
5 3 .9 9
.01 
. 0-1 - 
.00 
- .# J -  








2 7 .7 4 5  
-28-1-7-9-7- 
2 9 . 8 4 8  
-3 0  •900— 
3 | i 952  
_ 3 3-,004— 
3 4 .0 5 5  
-3 5 ,1 0 7 -  
36 . 1 5 9  
-3 7 4  2 1 # . .
3 8 . 2 6 2  
—3 9 . 3 1 4 -  
40*366 
- 4 1 . 4 + 7  
4 2 . 4 69  
- 4 3 . 5 2 1  - 
4 4 . 5 7 2  
_ 4 5 . 6 2 4 -
4 6 1676 
- 4 7 . 7 2 8 - -  







- , 011— 
. 0 0 2  
, 0 2 3 -  
. 01 8  
, 0 H  -
• Of I 
- , 00« -
• 0 1 0  
, 0 0 2 -
• 007 
-»08*--
• 0 0 2  
, 001-  
• 001
004








0 0 3 — 
003 
003 —  
002 








2 8 ,7 7 2  
29 .821  
3 0 .8 7 0  
3 1 . 9 I9
3 2 ,9 6 8
3 4 .0 1 7
3 5 , 0 6 6  
36 .  I 15
3 7 . 1 6 4  
3 8 .2 1 3
39 , 2 6 2  
40 .31  I 
4 | , 360  
4 2 , 40 9















T B U r
. 0 0 2
“! w
, 0 0 2
T W
. 0 0 1
, 0 0 2
' . 0 0 2
Tinrr
,001




4 3 ,4 5 8





4 5 . 5 5 6 ,0 05 ,001
4 6 .6 0 5 .0 06 ,001
4 7 . 6 5 4 .0 0 ? , DU 1
4 8 ,7 0 3 .002 ,001
4 9 . 7 5 2 .003 , 001.....
s n . a O i .0 00 .000
TAHLE AX h. Alphas From 5*Fe Bombarded by 6o-MeV Protons
70 d e g -  B on  50I *  v ^_ 8 0  d e g  -  Bun 5012 90 d e g  -  B an 1(010 1 1 0  d e g  -  B an 5015
in e r g y a K rror B ie r g y a E r r o r E n ergy <T E r r o r E n e r g y <J E r r o r
(MeV) (mb* s te r " 1«MeT“1 ) (MeV) (mb* s t e r - 1 *MeV"1 ) (MeV) (mb* s t e r - 1 *MeV"1 ) (MeV) (m b *ster" l *MeV- 1 )
M  . 9 5 8 ,737 , 0 8 5
1 A. Hf l l i 7 ° ° .ft f A
1 4 , 0 9 3
1 5 , 1 4 2
. 3 4 9
. 2 6 6
, 0 0 7
, 0 0 6
1 5 , 1 0 5
| 6 | 5 5
i 1 7 6
.  1 7 8
, 6 6 4
, 0 0 4 •n I 7 __ r{K(9__
| 5 * ( J d  
I 4 t 1 "9
. 2 8 2  
■ 2 3 °
. 0 1 4
10 j 9
l 6 , T * 2
( 7 . 2 4 1
. 1 9 4
. 1 5 7
, 0 0 5
, 0 0 4 j 7 i  2 0 6  I 8 , 9 5 6
. 1 0 3  
. 1704
[ 0 0 3  
,  8 8 3
1 5 ,  1 0 9  
16 1 59
.  | 5 8
, I t 8 ......
. 0 0 4
__ , 0 03■■
| 7 * 2 4 |
1# , j 9 j . , 1 7 9. 1 h r 0 i 1 * 0 0 °
1 8 , 2 9 1
1 9 . 3 4 0
. 1 3 7
. 0 9 9
, 0 0 4
. 0 0 3 1 9 , 3 0 62 1 1 . 3 5 7
, 0 6 0
. 8 4 9
, 0 0 3
. 0 0 2
1 7 , 2 1 0  
1p , 2 4 1
• 0 9 2f - . 0 0 3  . . . . , 0 0 3 -  •
1 9 * 3 4 6i n . 3 9 0
• i 0 4
ftfl« , 00a, 0 0 7
2 0 , 3 9 0  
. 2]  . 4 3 9
. 0 8 3
. 0 7 0
, 0 0 3
. 0 0 3 2 1 , 4 0 7  2 2 , 4 5 7
. 0 4 0 . 0 0 2
. 0 0 2 1 9 , 3 1 1,7fl  3 4 7 * 0 5 0, 0 4 0
, 0 0 2  
- 0 0 ?
2 l » 4 5 l» . « n i . 0 7 919 ^ 7
; 0 0 7  
| 0 Q 6
2 2 , 4 8 9
2 3 , 9 3 8
. 0 5 9
. 0 4 9
—  ; o o s —  
. 0 0 2 2 3 . 5 0 87 4 . 5 5 8
. 0 2 7
. 8 2 4
, 0 0 2
. 0 0 2
2 1 . 4 1 2  75 443 , 0 3 1  ,  0 2 4
. 0 0 2  
T 0 0 ?
2 3 * 9 9 6
2 4 * 6 0 ?
* 0 9 9
. 1144
* 0 0 6
, 0 0 9
2 4 , 5 8 8
2 5 , 6 3 7
. 0 4 3
. 0 3 8
, 0 0 2
. 0 0 2
2 5 , 6 0 8
7 4 , 4 5 0
. 0 2 1
. 8 1 8
. 0 0 1
. 8 0 1
2 3 , 5 1 4
? 4 , K 4 4 • 01a- 0 16
.001
,  0 0  1
2 9 * 6 6 |
0 4  f 7  1A
. 0 9 3  
10 3 9
, 0 0 5
, 0 0 5
2 6 . 6 8 7
2 7 . 7 3 6
. 0 2 8
. 0 3 0
, 0 0 2
. 0 0 2
2 7 , 7 0 9  
7 8 , 7 5 0
, 0 1 6
. 8 1 7
, 0 0 1
. 8 0 1 2 5 . 4 1 5. 7 4  / 4 C • 0 1 4. I) 1 | .001T 0 0  1
1 7 * 7 6 6 * 0 2 T , 0 0 4 2 8 * 7 8 62 9 . 8 3 5
. 0 2 0
. 0 2 ?
, 0 0 2
. 0 0 2 2 9 , 8 1 03 8 . 8 6 0
, 00a
. 0 0 7
. 0 0 1
. 0 0 1 2 7 , 7 1 6  70,747 * 0 0 9- 0 0 6
. 0 0 1  
i  0 0  1
2 9 . * 7 |  
3 0 , 9 2 4
• 0 1 6  
• n 1 ?
• 0 0 3
[ 0 0 3
3 0 , 8 8 4
3 1 . 9 3 4
. 0 1 8
. 0 1 7
, 0 0 2
.oo l
3 1 , 9 1  1 
3 2 . 9 6 1
. 0 0 6
. 0 0 6
. 0 0 1
, 0 0 1
2 9 , 8 1 73 8 , 8 6 8 . 0 0 6 , 0 0 1.001
3 1 * 9 7 6
2 j , p 2 9 . 0 1 3. 0 1T
* 0 0 3
* 0 0 3
3 2 , 9 8 3
3 4 . 0 3 3
. 0 ( 6
. 0 0 9
, 0 0 1
. 0 0 1 3 4 , 0 1 1  3 5 . 8 6 2
, 0 0 3
. 0 0 3
, 0 0 1
. 0 0 1 3 1 . 9 1 9  3 2 , 9 6 9 * 0 0 4. 0-J7 . 0 0 1- 0 " 0
3 4 * 8 * 1
&?•  | 3 4
• 0 0 7  
. 0 0 3
* 0 0 2
. 0 0 1
3 5 , 0 8 2
3 6 . T 3 2
. 0 0 8
. 0 P 4
, 0 0 1
, 0 0 1
3 6 , 1 1 2  
3 7 .  162
, 0 0 2
. 0 0 5
. 0 0 0
. 0 0 1
3 4 ,  »20 '
3 5 , n 78 * 0 0 1  * 00 1
, 0 0 0  
- n00
3 6 1 j 8 6
3 7 * 2 3 9 .004.0)4
* 0 0 2
* 0 0 s
3 7 . 1 8 1
3 8 . 2 3 1
. 0 1 4
. 0 0 9
, 0 0 1
. 0 0 1
3 e , 2 l 3
3 9 . 2 6 3
, 0 0 4
. 0 0 4
. 0 0 1
. 0 0 1
3 6 , 1 2 1  
3 7 , 1 7 7 . 0 0 1-00?
, 0 0 0
■ 0 0 0
3 8 * 2 9 | 
3 9 * 3 4 4
.007 
• 00*
, 0 0 2
, n o 2
3 9 , 2 8 0
4 0 . 3 3 0
. 0 0 8
. 0 0 4
, 0 0 1
, 0 0 1
4 0 . 3 1 3  
4 1 , 3 6 4
. 0 0 2
. 8 8 2
, 0 0 0
. 0 0 1
3 6 , 2 2 23 9 , 7 7 3 • 001- 0On , 0 0 0- 000
4 0 * 3 ’ 64 1 * 4 4 0 ,003 • 0 0 3
• 001  
* 00 1
4 1 , 3 7 9
4 2 , 4 2 9
. 0 0 4
. 0 0 4
, 0 0 1
,ooi
4 2 , 4 1 4
4 3 . 4 6 4
. 0 0 3
. 0 8 2
. 0 0 1
. 0 0 0
4 0 , 3 2 3  
41,374 .001■ 0 0 0
. 0 0 0
,  0 0 0
4 2 * 9 0 1
4 3 * 5 9 4 - - - - - -
4 4 * 6 0 6  




4 3 , 4 7 8
4 4 . 9 2 8
. 0 0 4
. 0 0 ?
, 0 0 1
,ooi
4 4 , 5 1 5
4 5 . 5 6 5
. 0 0 2
. 0 0 1
. 0 0 0
. 0 0 0 42.. 4 2 543,475 * 0 0 0- 000




, 9 0  |
4 5 , 5 7 7
4 6 . 6 2 7
. 0 0 ?
. 0 0 1
, 0 0 0
, 0 0 0
4 6 , 6 1 5
4 7 . 6 6 6
, 0 0 0
. 0 0 2
, 0 0 0
, 0 0 0




4 6 * 7 1 | 
47 i 764 0ft 00
4 7 . 6 - 7 6
4 8 . 7 2 5
. 0 0 1.000
,000
,000 4 8 , 7 1 6 0 0 4 6 , 6 2 7  4 7 * 7 8
0.888 0,000
4 8 * 6 | 6
4 9 , 8 6 9 .0010 • 001n 4 8 , 7 2 8 0 0
9 0 * 9 2 |  





5 3 * 0 2 6  
54*07-9------ 0- f l-
0
0 - —
TABLE AX 5- Alphas From S4Fe Bombarded by 6o-MeV Protons
120 deg -  Bun 7002 135 aeg -  Bun t o l l  l 6o deg -  'Bun 2067
Energy <J E rro r Energy a E rro r Energy a E rro r
(MeV) (mb- s te r -1 •MeV1) (MeV) (mb. s te r" 1 .MeV-1 ) (MeV) (mb* ste r"^•MeV"1)
1 4 , nR .18 ------ —
I4 . P 6 I . 193 .008  ■ 1 4 , !*04 . 135 • 003 15.10 .12 .01
15,11? - 1 5P - PP7 11,1 1 R . 0 6 - 003 16 ,15 — .4}9.____ . .... . 01—
I f .162 . 103 • 006 I f , 166 . ^68 • 002 17.20 . 36 .01
17,213 . r7A . pn5 17 ,517 . r t f , - O'O9 18 ,25 . - . . 1 6 ----- . .-.0-1 —
16.264 -C62 • 005 16.268 .736 .002 1 9 . 3fl . 3 “ .01
t C , 3 1 R . r4P . np4 1 C 710 . p O 7 - 00 1 P P , 3R . 09 • 00—
2 0 . 3 66 •037 • 004 2 0 , 3 70 • 02 1 .001 21 , 40 .32 .00PI ,4 16 . rPR . pp.3 ? ! 471 _ p I 7 - 00 1 PP , 45 .........0 2  ... - .00—
2 2 . 4 6 7 . C 1 7 • 002 2 2 . 4 / 2 . T 1 4 .001 2 3 . 5p .01 . 00P? j R1P - C 1 1 - PP9 P? , R57 . - I P - 0 0 1 -- P 4 ,55 _. — i^I. _ -----.0 0 —
2-1.569 .*•13 .002 2 4 , 5 74 • C0'8 .001 2 5 , 6 c .31 . 00P 6 , 6?P - PuB . ppp PC RPR . P-6 . nn i P6 , 85 1 0 1 • 00—
2 6 , 67 0 -0C7 .002 2 f . 6 76 .03-5 .001 2 7 . 7 0 .00 .00
?7 7? 1 -0G? • PP 1 ?7 7P7 . p-3 - OOP 2 8 . 7 5 ...tfj____ - • 0 0 -
2 6 . 7 7 2 • 003 .001 2 6 . 7 7 8 . C ."3 .GOG 2 9 . 6 0  • . 00 .00
PC jP.PJf -PC9 .001 PC, BPO . r - 3 . nnn 3<!. 85 ___-00_____ -.Q O --
3 0 . 6 74 • COO .000 3C.86C • DC2 .000 3 1 .9 0 .30 .003 1 OPR - r c 1 ■ 0 0 1 3 1 ,03i . r  - 1 .nnn 3 P .9 5 . nn .nn
3 2 . 9 75 0 0 3 2 . 5 8 2 • 031 .000 3 4 . 0 0 0 034 r:P6 - 001 ..000 34 , '.33 . n - 1 . nnn 3 5 ,  n5 .00  - ___ .- 0 0 -
3 5 , i'77 • 000 . 000 3 5 .  t:b4 >001 .000 3 6 .1 0 0 0
36 1 ?R - 0 r 1 1 000 3 6 , I3R . r r. n . nnn 37 .  15 0 ........... - 0 -
3 7 . 1 79 0 0 3 7 . 1 8 6 .GC 1 .000 3 8 ,2 0 0 0
3P ?P? - or o t OOP 3F P37 . R r (1 . nnn 3 9 . 2 5 n 0
39 ,2 00 0 0 35.PB9 .030 • 000 4 p ,3 o 0 0
<*C 331 n p 4 n .3 4n . 7 - p .non 4 1 . 35 ... _ ._C......... (J
6 1 . 3 6 2 • 030 .000 41 .391 • 030 .000 4 2 . 4 c 0 0
4 ;  t 4.33 f) p 4 ? , 44P . n n .nnn 4 3 , 4 5 P - .. 0—
63 .4 03 0 0 43 ,4 93 3 0 4 4 . 5o 0 0
44 ,534 p p 4 4 , R44 n • n 4 5 . 5 5 n 1 p
45 . 5 6 5 0 0 4 5 . 5 9 5 • 000 .000 4 6 . 6 q 0 0
4 6 , A3 A p 1 p 4 6 , 64 6 n p 4 7 ,6 5 0 p
47 . 6 0 7
1 u
.. 0 4 7 . 6 9 7 C 0 4 8 , 7 0 0 0
46 , 7 3 7 n n 4 F . 74P n n 4 9 . 7 5 n .......... _ 0 -
So .bo 0 0
R 1 , BR _______ 0----------------- 0—
5 2 .9 0 0 0
53 ,  95 . . 0 - ----------0—
5 5 . 0 0 0 0
56 .-05-.— 0------ ....... 0 -
5 7 . 10 0 0
RS , 1 R --------0 _ ---------- 0—
5 9 . 20 0 0
TABLE A XI 1. Protons from a09Bl Bombarded by 60-MeV Protons
15 deg - Run 50J0 20 deg -  Run 5027 25 deg -  Han 5026 30 deg -  Ban 502L
Energy a Error Baergy 0 Error Energy a Error Energy
(MeV)
a Error






















" '1 .3 0  '  
2.36
. 06 
• oe S:25 .761.02 ■ 03 .04 3,594.64 .50.69 .03.03 3.604.65 .IB.72 ,0T.0?5.A9-----6 «74 2.97---3.63 ------ 709-----.10 ......- 5" v*-•> 4 1.321.55 .04.04 5.696.74 .771.08 .04.04 5.706.75 .25.35 .01 ..
/«7V S .63 “4. 42“ 5*05
.......11 "































1.40 ,02 .03 ..1 1*98 13*03
4*22
4.37
• II• II -------i r . v rl*.02
2.32
2.52










- 9314.08 — 1 S • 12 4*94" “ 5-32
----- .12 ■












15.14 2 .pi 2. .5
,03
-0416*1/17.22 5*27 " 5.49 : i i I*.I7|7 .2 | 3.]fl3.19 .06.06 16.1617.27 2.552.68 .06.07 16.1917.24 2.352.44 .04-0418’27~ 
19*32
“5*83----









































,0426.65" ’ ' 
27.70































































































































































1 1.79 • 18 47,8o48.65











-04■49*71 “  
50.76




























































































TABLE A XL 2 .  P ro to n s  from  aogB I Bombarded b y  6o-HeV P ro to n s
















(mb*ster” (mb*ster”1 (nb* ster” (mb- ster”1-MeV1)
0 0 1.50 0 0
2.94 0 0 1.50 0 0 2.55 0 0 1.50 0 0
3.59 . i 9 . 0 1 2.54 n 0 3.59 .10 .01 2.55 0 --------0—
4.64 .27 • 01 3,59 ,15 • 0! 4.64 .13 .01 3,59 .10 • 01
9.69 .32 .01 4.64 T? | .01 5.69 .15 .01 4*64 . 15 .oT
6.73 .40 .01 9.69 • 24 .01 6.74 .24 .01 5,69 .16 .017.7ft .94 .07 6.74 .11 .01 7.79 .35 .ni 6,74 .22 -----eili—
6.83 .79 .02 7.76 ,44 • 01 8.83 .58 .02 7.79 .34 .01
9.8ft l.n l .07 H T 83 , A1 102 9.88 .92 .n? 6,83 .54 .01
10.92 1.41 .03 9,88 ,94 • 02 10.93 1.30 .02 9,68 .87 .02'
1 1 .97 1 .59 .03 ) II ,93 f .14 .03 I 1.98 1.47 .07 10.93 1.30 .02
13.02 1.74 .03 1 1.97 1.50 • 03 13.03 1.59 .03 1 1.98 1.39 .02
14.07' 2.02 .03 I 3. 07 1 . A! .03 14.07 1.79 .03 13.03 1.46 .02
I9 .lt 2.06 .03 |4,07 I.B3 • 03 15.12 1.93 .03 14.07 1.66 • 02
16.16 2.78 .03 |5 , 17 1 i 0 ' t m 16.17 2 .no .n3 15.12 1.84 .02
17.21 2.33 .03 16,16 2.11 .03 17.22 2.08 .03 16.17 1.94 .03
1 ft .26 2.47 .04 (7.71 9 , U .03 18.27 _ 2.25 .03 17.22 1 .94 .03
19.30 2.60 .04 (8.26 2,26 ,03 19.31 2.26 .03 18.27 2.09 .03
so.3ft 2.69 .04 i 9 - .11 O . 14 .03 2.38 .03 19.3i 2. 1 1 .03
21.40 2.76 .04 20.36 2,5) .04 21.41 2.38 .03 20.36 2 .|6 .03
77.49 2.76 .04 71. 4n 9,49 ,04 22.46 2.40 .03 2 1.4 I 2. 18 .03
23.49 2.85 .04 22,45 2,58 .04 23.51 2.45 .03 22.46 2.17 .03
74.54 2.87 .04 ?.6l .04 24.55 2.46 .03 23.5T 2.25 .03
25.99 2 .9 1 .04 24.55 2.6] .04 25.60 2.47 .03 24.55 2.27 .03
76.63 2.93 .04 ?.7n .04 26.65 2.50 .03 25.60 2.28 .03
27.68 3,04 .04 26,64 2,76 .04 27.70 2.53 .03 26.65 2.25 .03
7(1.73 3.06 .04 77.69 P.7T .04 28.75 2.63 .03 27.7o 2.25 .03
29.78 3.13 .04 28,74 2,77 .04 29.80 2.55 .03 28.75 2.28 .03
3(1.87 3. ifl .04 79.7ft .04 3(1.84 2.61 .03 29,80 2.22 .03
31.87 3, 16 .04 30,83 2,7? .04 31.89 2.51 .03 30.84 2.21 .03
37.97 3. (9 .04 31 J b B 9 . A 4 .04 32.94 2.50 .03 3 1.89 ^.21...... .03
33.97 3.23 .04 32,93 2,78 .04 33.99 2.56 .03 32.94 2.18 .03
39. n? 3.20 .n4 13.9B 9 . R 1 .04 35.04 2.54 .03 33.99 2. |4 .03
36.06 3.22 .04 39,02 2,64 .04 36.08 2.47 .03 35.04 2.13 .03
37. II 3.36 .04 16.07 9 . BA .04 37.13 2.44 .03 36. 0B 2.10 .03
38. 16 3.33 .04 37,12 2,94 .04 38.18 2.55 .03 37. 13 2.08 .03
39.20 3.28 .04 1 8 . 17 9 .  BA .04 39.23 2.48 .03 38.18 2.05 • 03
40.25 3.32 .04 39.21 2,62 .04 40.28 2.41 .03 39.23 2.03 .0341.30 3.37 .04 A t  r 26 9 .  Rfl ,04 41.32 2.32 .03 40.28 1.99 .03
42.35 3.30 .04 A\ ,3f 2,7? .04 42.37 2.29 .03 41.32 1.94 .03
43.39 3.20 .04 .04 43.4P 2.23 .03 42.37 1.89 .02
44.44 3.26 .04 43,40 2.62 .04 44.47 2.17 .03 43.42 1.85 • 0245.49 3.17 .04 4 4 . 4 4 9 . 6 4 .04 45.52 2.16 .03 44.47 1.73 .02
46.94 3.35 .04 49.50 2,54 .04 46.56 2.16 .03 45.52 1.71 •02
47.58 3.26 .04 46 r 54 9.h\ .04 47.61 2.06 .03 46.56 1.71 .02
48.63 3.34 .04 47,60 2,60 .04 48.66 2.02 .03 47.61 1.67 .02
49.68 3.18 .04 46.64 9.5B .04 49.71 1.97 .03 48.66 1.60 .02
30.73 3.02 .04 49,69 2,44 ,03 50.76 1.92 .03 49.7| 1.45 • 02
51.77 2.66 .04 40.74 9.39 .03 51.80 1.69 .03 50.76 1.39 .02
52.82 2.48 .04 51.79 • 2,14 .03 52.85 1.53 .02 5 1.8 | 1.24 .02
53.87 2.58 .04 42.63 \ .9? .03 53.90 1.53 .02 52.85 1.09 .02
54.92 2.63 .04 53.66 2,10 ,03 54.95 1.61 .03 53.90 1.20 .02
55.96 3. i 1 .04 44.91 9.04 .03 56.00 1.82 .03 54.95 1.23 .02
57.01 4.02 .05 55,90 2,37 ,U3 57.04 2.09 .03 56.00 1.38 .02
58.06 1.24 .03 47.0? 9.76 .04 58.09 .72 .02 57.05 1.39 .02
59.11 3.76 .04 56,07 • 62 .02 59.14 1. 1 1 .02 58.09 .45 .01
5Y *±z L.42 ,03 60. |9 ..'10 .01 59.14 1.25 .0260.19 .14 .01
TABLE A X I 3 .  P ro to n s  from  a0BB i B ocbarded  b y  & -H eV  P ro to n s




















0n km 8 8 8 8 1.4992.549 0 0.. ...9 .. JL
3,9954,444 .pan. noe
,804
,nn5 km :883 3.611 4:679 :!!§ .008.011 3.598 4.648 . .063 ,004 __.085______ ,.0jB5_
5,492



















7,790 • 276 ,808 7,800 >251 .009 7,684 .322 .013 7,796 ,247 .0094,838 .499 ,010 0.850 .390 .011 8.952 .484 .016 6.845 .42?. ___,012
9,887 ,79J ,814 9,900 .728 .015 10.020 .810 ■ 021 9,895 ,827 ,016
in .938 ------ !*J26 -1,234
_,(LLT .10,950. __li097_ _,.0!8______ _liuQftB_ 1,086 .024 ____ 1.0 s944___ LT54. _ .019
1 1,984 ,0(7 12,000 1,104 .016 12,156 1,103 . .024 11.994 I.I39  ,0 |9
ii.n33 7.3110 ,018 13.050 1.186 .019 13.225 1. 179 .025 13.1143 I . 156 .019
14,081 T.445 ,019 14,100 1.795 .020 14,293 1.732 .025 14.093 1.267 .020
f4, I 3n J.ooT ,B2n 15.150 1.418 .021 15.361 1.351 .027 15.142 I..38L .... , ° 2l
16,179 7,650 ,020 16,200 1.422 ,021 16,479 1.430 .027 16.191 1.37? ,02|
f 7 ,927 7r96o ,B2n 17.249 1.488 .021 17.497 1.391 .027 17.241 1.367 ,021
18,276 7,690 ,020 10,299 1.505 .021 18.565 1.439 .028 18.290 7.378 ,021, h9l 19.349 i.462 .021 19.633 1.443 .028 lo.34n |.397 .821
20,3739| ,*99 I*?481
i 027 20,399 1,534 .021 20,701 1,443 .028 20,389 1.366 ,021
,021 21.449 1.470 .021 21.770 1.374 ;027 21.439 _X*323.._— . 020
1.260 .02022.470 T’70? ,021 22,499 1.408 .021 22,838 1.321 .026 22,4889*,*io 7 ,004 , B2? 23.549 1,450 .021 23.906 1.330 .026 23.538 1,72.4... . ,.02.0
24,566 1^7497,974
i 02l 24,599 1,384 .020 24,974 1.294 .026 24.587 l.JOO .019
9«,4tA ,021 25.649 1.389 ,020 26.042 1.762 ,026 25.637 J.I59 .019
26,665 7^750 ,021 26,699 1.359 .020 27.110 1.734 .025 26,686 1.094 ,0197 .7*7 ,n2T 27.749 1.316 .020 28.178 1.192 .025 27.uZ.3_5___ -4 J02 . ..........ft 15.
28.762 7,7T I ,020 20,799 1.298 .020 29,247 1 .142 .025 28,785 1.037 .01890 4 81 1 7.453 . 02n 29.849 1.735 .019 30.315 1.070 .024 291.8.34 ... .. .984 ___,018
30,699 7,644 ,020 30.899 1>I9B .019 31,383 1.045 .023 30.884 .922 .017
31 .008 t .007 • 02n 31.949 1. 117 ,018 32.451 i .026 .023 31.933 .865 .017
32,956 7,550 ,819 32,999 1, 122 .018 33,519 .929 .022 32,983 ,850 ,016
34,8(16 7 340 ,019 34.049 1.065 .018 34.587 .899 .022 34,032_____uSTj. ... _uOL6
.781 ,01635,054 7,474 .819 35.099 1.045 , 0 I 8 35.655 .814 .021 35,082
, *09 7 .477 , n 10 36.149 ,965 .017 36.724 .808 .021 36.131 ...*74? ._ .-..,015. 
.690 ,01597• 191 1.431 1 ,3*4
,019 37.199 .985 .017 37,792 .777 .020 37.180
i?n0 ,n 18 3e.249 , 9n2 .016 3e.860 .758 .020 38.930 ,459 .014
39,248 Tissn ,018 39.299 .857 .016 39,928 .663 .019 39.279 .630 ,014
4n .997 7 t 9 0 0 ,018 40.349 .812 .016 40.996 .657 ,019 40.329 .. *382 . .014
41,345 7 , 2 6 a ,018 41,399 .775 ,015 42,064 .615 .018 41,378 ,525 ,013
47,304 J .190 ,017 42.449 .746 .015 43.132 .570 .017 42.428 .475 ,01?
43,443 1 ,149 ,817 43.499 .676 .014 44,200 .535 .017 43,477 .467 .012
4S |49 I 7 , 070 , 8 1 8 44.549 ,648 .014 45.269 .533 .017 44.527 .407 .011
45,540 7.677
t , nSo
,016 45,599 ,673 .014 46,337 .482 .016 45.576 .427 ,012
46,688 , B 1A 46.649 ,593 .013 .47.405 .446 .015 46.625 ,.38 l........... .O il
47,837 •  1 •1,009 ,016 47,699 .552 .013 48,473 .408 .015 47.675 .353 ,011
48,488 ,937 , _,(LI5 . .. 40.749 ,515 .012 49.54.L_ —1368 ____l0 |4 ........48,724 . . .. .376. .. ,.oio
49.734 ,093 ,815 49,798 .466 .012 50,609 .377 .014 49,774 .299 ,010
6p ,788 , 494 ,014 50.840 .440 .011 51.677 .308 .013 50.823 .260 .809
51,832 • 730 ,013 51,898 .371 .011 52,746 .761 .012 51.873 .226 ,008
89.888 .440 ,813 52.948 .351 .010 53.814 .737 .011 59.92? •209__  ...008.
.194 ,00853,929 ,667 ,013 53,998 .334 , .010 54.882 .784 .012 53.972
84,077 T 7 To , B 13 55.048 .368 1 .010 55.950 .759 .012 55.021 *202 . .008
96.026 • 74A ,013 56,098 ,339 ,010 57,018 .770 .012 56.071 .200 ,008
87,878 . 7A| , B 1 4 5 7 .I4B .796 .009 58.086 .136 .008 57.120 . 166 .007
58,1(23 ,269 ,008 50,198 ,165 .007 59.154 .084 .007 58.1*69 .183 .008
80,f79 .364 ,009 5«.248 _ ,12?..___  t006 60,222 ,01 ' .002 59. ,2.1.9___ __ .067_____ ,004.
60,220 • 647 ,003
90 deg -  Ron 9025
TABLE A X I h . P ro to n s  from  aooB i Bombarded b y  Go-MeV P ro to n s
H O  d e g  -  Run 5036 135  d e g  -  206U deg -  Run
Energy a Error Biergy a Error Energy a Error
(MeV) (mb- ster_1-MeVl ) (MeV) (nb* ster”1*.MeV1) (MeV) (mb. ster" '•MeV"1)




8 1.68 0 0
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TABLE A XU 1. Deaterons fraa ao9Bl Baabarded by 6o-HeV Protons































3*59 t 0 4,64 .03 .01 i*59 0 0 2.55 0 05.64 .01 .01 5.69 .01 .00 4,64 .01 ,00 3.60 .00 .00
5-69 .H3 ' “ .'01 ' ---- 6,74 • 02 .00 5.69 • 01 .00 4,65 .01 .006.74 *oT .01 7.78 .03 .01 6.74 .01 .00 5.70 • O'----- .00
I'tt • 07 • II1 8,83 .07 .01 / , /8 .01 .00 6.75 .02 .00(1.83 .06 • 01 9.88 .13 .01 . 8.83 .04 .01 7.79 .03 .00
9.6A * 1 1 • 02 10,93 . 19 .02 9;sa J o ,UI 8,84 .06 .0110.93 • IB • 02 11.98 .29 .02 10.93 .16 . ,02 9.89 .10 .. ..01
IT.-98 *26 ' -  ” 13,02 .36 ,02 11797 ..... .26 *02 10,94 .19 .0113*03 • 32 • 03 14.07 .40 ' .02 13,02 .32 .02 11.99- .27 .0! .14.OB- * 66 • 03 15,12 .37 .02 I* .11/ .35 • 0*: 13,04 .34 .0115.|2 .4? • 03 16.17 .42 .02 15.12 .34 ,02 14.09 ,?7. .011 611 7...... • 37 • 03 17,21 .50 .03 16 , 16 .39 ■ 03 15.14 .40 .01-17.22 .44 • 04 18.26 .51 .03 17,21 .40 .03 16.19 .42 . 01:-1T>27-.... -.50 - -......»04----  ----- 19,31 .46 .02 |6,*n .49 .03 17,24 .40 . 01:19*32 •4B • 04 20.36 .50 .02 1 9 ,3 1 .46 .03 18.29- .44 .02:20 * 36 . 47"" ---- ---------- 21,41 .51 .03 20.3o .44 ,03 19,34 .48 .01-21*41 ' *56 • 04 22.45 .33 .03 21.40 .55 ,03 20.39- '11 .02-22*46 •5D ' • 04 23,50 .56 .03 "22745 .... .5 j ,03 21.43: .52- .02:23*51 •61 • 04 24.53 .54 .03 28,5o .56 .03 •2.2x4“' - .5* .02 _24*56 • 64 • 04 25,60 .59 .03 24,25 .53 ,03 23,53 .50 .02:25*60 *57 • 04 26.65 .53- .03 25,59 .53 . 03 24,58 ,4 7 .. .02-
26*65 *68 ---- TO*----- 27,69 .59 .03 20,64 .50 .03 25,63 .53 .02:27*70 *55 • 04 28.74 .63 ;os 27,69 .53 .03 26.68 ,53 .02:
26*75 *59 • 04 29,79 ,60 .03 28,74 .55 .03 27.73 .48 .0229.80 • 61 • 04 30.84 .66 .03 29,79 • !4 .03 -28.78 '11 .02-30785 • 57 .04 3 1,68 .61 .03 30,83 .55 .03 29.83 .52 .02-31 *89 . 58 • 04 32.93 .60 .03 31 .88 .58 .03 30.88 .51 .02:32.93" .69 .... • 04 33,98 .57 .03 ■"32,93 .54 .03 31.93 .51 .0233*99 • 67 • 04 35.03 .63 .03 33,98 .50 .03 32.98 •9L .0235.04-- • 63 • 04 36,08 ,66 .03 35,02 .52 ,03 34,03 .48 .0236*09 .67 .04 37.12 .64 .03 36,07 .53 .03 35.07 .50 .02
37. |3 ........ .78— ' ■ v05 .............. 38,17 ,69 .03 37,12 .54 • 03 36.12 .51 .023 8 .18 . 68 • 04 39.22 .67 .03 3 8 ,|7 .58 ,03 37.17 .51 .0239.-23 • 71 .-04 40.27 ,66 .03 3*,2| .54 ,o3 38,22 .47 .0240.28 • 76 • 05 41.32 .69 .03 40.26 .52 ,03 39,27 .46 ,02:.41.33------- •W ” • 05 42,36 .72 .03 -  -41,3-J - ,58 ,03 40.32 .47 .0242.38 • 81 • 05 43.41 .77 .03 42,36 .58 ,03 41.37- .47 .0243*42------ • 38 ■•*05- — ■ ■ 44,46 .81 ,03 43,4| ‘ .57 ■ q3 42.42: .45 .0244.47 1.09 • 06 45.51 .87 .03 44,45 .60 • 03 43.47- .45’ .02'-45t52 - —1.34 46,55- .92 .03 45,5fl • 04 • u3 44,52: .45 .0146.57 1.03 • 05 47.60 .97 .03 46.55 .65 .03 45.57 ,4 # -... .0247*62 1.21 * 06 48,45 .96 .03 47,6(j .72 ,03 46.62 .46 .02'48 *66 1.23 49.70 .99 .04 48.64 .73 ,03 47.67 .48 .02:
■49171------- 1.34 • 06 50.75' I.M .04 49,69 .84 .04 48.71 .53 .02-50*76 1 <62 • 07 51.79 .79 .03 50.74 .81 49.76 .52 .02
51*81........ 1.07 • 05 52.84 1,40 .04 5T.79 .53 ,o3 50,81 .51 .02:52.86 2.25 • 08 53.89 3.36 .06 52,84 .90 .04 -51.86 .34 .01
53*91' 5.30 • 12 54,94- 3,68 .07 56,88 2.74 .07 52,91 ,62 .02:
54*95 5.10 • 12 55.98 2.77 .06 54.93 2.36 ■ 06 53.96 1,58 .03
58100------ 5.00 - — *1* * 55,98 1.89 ,06 55,01 1,43- .03:
57*05 *01 • 01 56.06 1.01 .02:5B*‘I 0 0— 1 0 ■ ■■ ■ 57,11 .00 .00
59. 15 .00 .00 58.16 .00 .00
59,21 .00 .00
TABLE A X U  2 . D e u te ro a a  from  ao®Bi Bombarded b y  60-MeV P ro to n s
35 d eg  -  P un  5025 Uo d e g  -  Bun 5031 ^5 d e g  -  Bun 502^  50 d e g  -  Bun 5032
Energy
(MeV)
a Error Energy a Error Energy a Error Energy
(MeV)
O Error
(nib* «ter"1*MeV1) (MeV) (tab* ster"1•MeV"1) (MeV) (mb* ster”'•KeV-1) (mb-ster-1•MeV-1)









































.01 • 00. (10
5.69



































1 1.97 .95 .At 10.98 . 17 »m _ ___ 1 1.9B .72 .01 —nil—




.0114.87 .34 •fll I3.U7 .3 « .01 14.07 .79 .01
19. IT .38 • 01 |4.U7 • 32 • 01 15. 12 .32 .01 14.07 .26 .01
.40 • 01 |5 . 17 .34 1 16.17 .33 .01 15.17 .32 ■ ii—
17.27 .38 •01 I 6, 16 • 37 • 01 17.22 .35 .01 16.17 .31 •0118.76 I 7. 21 T 37 • 01 18.27 .36 .01 17.2? .32




.43 19.3 1 .41 .01 20.36 .37 .01 •oj




22.45 .46 .09 9 1 .4(1 .49 .01 22.46 .40 .01 -  . —•-si—
23.49 .46 • 02 22,45 • 43 • 01 23.5T .39 .01 22.4623.51
.34
.35 •ol‘94.54 .47 . ft 9 .44 ■ PI 24.55 .38 .01 . 0 1
25.59 .48 • 02 24,59 • 49 .01 25.60 .38 .01 24.55 .33.35 •01.44 .ft 1 76.65 .34 .0] «5*60 .oT
27.68 • 45 • 02 26,64 ,38 ■ 01 27.70 .34 .01 26.65 .33 •01
28.73 .45 . fl9 .ni 28.75 .37 .01 27,70 • 31 .01
29.78 .45 • 02 28,74 • 43 • 01 29.80 .34 .01 28.75 .32 • 01




















33,97 • 41 • 01 32,93 • 39 • 01 33.99 .32 .01 32.9433.99
.26
.24 • 01.0135.n 1 .42 . 11T 13.9R .01 35.04 .30 .01
36.06 • 41 .01.ni
35.02 • 36 • 01 36.0B .29 •01 35.04 .26 .01
37.1 T .40 16.07 .37 • 01 37.13 .29 ,01... 36.QB .25 —•01 ■
38.16 • 38 • 01 37.12 .33 • 01 38. 18 .27 .01 37.13 .24 • 01
39.?n .4ft 18. 17 .11 .til 39.23 .25 • 0j 38.18 .22 ■ ■ -01
40.25 • 41 • oT 39,21 .32 • 01 40.28 .25 .01 39.23 .21 •01
4t .3n .37 .ft! 40.26 .39 ,01 41.32 .24 .01 4 0.28 .20 .01
42.35 .38 • ol •  1 «3| .30 • 01 42.37 .22 .01 4 1.32 .21 • 01
43.39 .38 .oT 42,36 T 3(1 *0L .. . 43.42 .22 .01 42.37 ___----------- .01
44.44 .36 .of 43,40 • 26 . 9fl
• 01 44.47 .21 .01 43.42 .17 •01
45.49 .38 .01 44.46 .ni 45.52 .20 .01 . 16 •01
46,54 ,39 .01 45.50 • 27 • 01 46.56 .21 .01 45.52 . 16 .01
47.58 .40 .n i 46. 58 .94 • Ul 47.6T .21 .01 46.56 . |5 .01
48.63 • 41 • 01 47.60 .28 • 01 48.66 . I 9 .01 47.6| .17 .01
49.68 .43 .fti 48,64 • n 1 49.71 .21 .01 48.66 . 16 .01
50.73 • 40 .01 49,69 • 26 • 01 50.76 .21 .01 49.71 .15 .0151 .77 .30 .87 .(11 51.80 .11 .01 50.76 . 15 .01
52.82 .52 .02 51 *79 • 16 • 01 52.85 .21 .01 51.81 .10 .0153.67 l.rffl .02 <$9,83 . 97 .ni 53.90 .45 .0] 52.85 .17 -SI..
54,92 1.00 .02 53.88 .73 • 02 54.95 .38 .01 53.90 .4 ' .0155.96 .74 .87 • np 56.00 .22 ...... .(LI . 54.95 .25 .01
55,98 .36 • 01 56.00 .10 .01
6o d e g  -  Bun 5033
TABLE A XIX 3* D eu texons f r o a  3 o 9B1 B cab srd ed  b y  6o-MeV P ro to n s





























, 0 0 2
.8 0 2
3,60A.65























• ?7? ,008 ie.299
20,373 • ?6? ,008 20.399 ,226 .008 20.701 , 186 .010 20.389 .197 ,008
9 f,429 ,970 .0 0 8 21.449 .219 .008 2l.77n .9(1? .010 21.439 • T9? .
22,470 .263 ,008 22.499 ,? |3 .008 22.838 .180 .010 22,488 .169 ,007
23,919.. _____ ,746— . .  ,008.... . 23.549 ,706 f 008 ___23,80.6. . .155 ... -,009. . ... 23.538 ... .1 6 ? . ,JL0Z_
24,568 .254 ,008 24.599 . 182 .007 24,974 .157 .009 24,587 • iS 7 ,007
25.(16---- _ J S 2 ______ . non 25.649 .186 .008 26.042 .154 .009 25.637 .......749- ,807













1 3 .2 2 5












































.1 4 0  . 
.136





































32,956 .196 ,007 32,999 ,127 .006 33,519 .098 007 32.9B3 .097 .006
34,004 ...,179___ .... ,007... . 34.049- -,124 - _i_0JQ6 - 34.587 .091 007 34.032 . .o s? ,005
35,054 .186 ,007 35.099 . 115 .006 35,655 .090 007 35,082 .085 .005
3*t ?09 .Too ,007 36.149 ... _ , 1 1 6 . —j_Q 06 36.724 .075 006 36.131 , 0 7 9 ,005
37,151 .169 ,006 37.199 .093 .005 37,792 • 064 006 37.180 .360 ,004
SO,700 .743 ,006 36.249 .094 .009 38.860 .069 006 3ft.?3n .056 .804
39,248 • I 4 fl ,006 39,299 .086 .009 39,928 .051 005 39.279 • 054 ,004
40,297 - . 13 7 . . ,006 40.349 ' .074 .005 40.996 .059 006 40,329 .050 ,004
4 j  ̂343 .13? ,006 41,399 .072 .009 42.064 .051 005 4 | ,378 .046 ,004
42.394 -I 74 .005 42.449 • 062 .004 43.132 . Q43 005 42,428 .044 ,004
43,443 .TTo ,005 43.499 .059 .004 44,200 .047 005 ■"43,477 .044 ,004
44 i491 .IB | ,005 44.349 .057 .004 45.269 .042 005 44.527 .n34 .003
45,940 . 10! ,009 45.599 .042 .004 46,337 , 033 004 45,576 .031 ,003
46.988 .S9X ,0 0 9 46.649 • 049 .004 47.405 .037 004 . .46,629. .034 ,003
47,637 . 1 0? ,805 47,699 • 042 .004 48,473 .029 00< 47,675 .026 .003
48,666.. . .094 .005 48.749 • 042 .004 49.541 .024 004 -48,724 . .  .027. ,003
49.734 • 695 ,009 45,798 .038 .0 0 3 50.609 .027 004 49.774 • 925 ,003
50.783 .0 7 0 .004 50.848 .032 .003 51.677 .034 004 50.823 .n l7 .002
51.832 .037 .004 51.898 .037 .003 52.746 .049 00 i 51.873 .026 .003
59.080 .079 ,0 0 4 - 52,948 ,050 • 004 53,814 .057 005 _____ 52,9_22 .03? .003
93,929 .16? ,006 53,998 .067 ,004 54,882 .026 004 53.972 .P4n ,004
,  no«______ -.003 55.048 • 046 .004 55,950 .007 002 55,021. .024....... .003

































































TABLE A X U  6.  D e u te ro n s  from  a o *B i Bombarded b y  fo-HeV P ro to n s


























i n . o O n 10.639 , 8 8 2
(07930 n;v7 12.91 
1 3 . 9 5
I 1,990 
13.0110I 1.978 13.026 14,050
15,100 14.9914.074 ,14415t V22--------- r t  5 3 -
16,170 • i 59
(1,-218-------- rT44
roTSa
























22. TOO 27.45—.004.-096- ,003
.002 __
, 0 0 2
002
2 8 , 7 5 a  
- 2 9 . 0 0 0 —  
3 0 . 8 5 0  
3 4 . .9 0 0









3 S - .9 8 7
35.035
3 6 7 0 8 4 -
37,132




36.68. 0 0 2  
. J i l l  ,001 










3 2 . 2 2 8  . 0 3 9
4 0 .2 7 6 ----------- . 032-
4 1 . 3 2 4  , 031
4 2 . 372-  -------.0 2 7 -----
4 3 , 4 2 0  . 0 2 3447968------ r022








4 5 . 5 1 6  , 0 2 2  >002
46.564--------- .021------- .002- -
4 7 , 6 1 2  . 0 1 8  , 0 0 2
4e ; -660--------- > 0 ( 0 ------- "002
017 . 0 0 2004
4 6 . 1 5.006 4 7 7 T 8
48.22
497 26










. 0a2 51.850 .003 ."Oj
  ___ 52*900--------- »?0?--------- . “OJ------
' " “j  53.950 .no* .001
. Jo o (-------------55*000--------- ,004----------.000------
.000
5 4 . 4 6
TABLE A n n  1 . T r i to n s  from  a09B l Bombarded b y  60-HeV P ro to n s
15 d e g  -  Bun 50JO 20 d e g  -  Bun 5027 25 d e g  -  Bun 5026 30 d e g  -  Bun 5021
Energy 0 Error Biergy 0 Error fiiergy a Error Energy 0 Error
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ft!* :l* 'M 33,9835.03 .17.14 .01.01 35,0236.07 .12.12 • 01 .01 34,03:35.07' .14.13 .01 .0 .
m i r ~ - tT5• 15 ■ .02 • 02 36,0837,12
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56T00....... ... - 3_. .... .......0* 54194" .00 .00 55,98 0 0 55,01 .00 .00IIIV «VW » *w U u 1 • - *»•57.05 3 0 56.04 0 0
TABLE A TTTT 2 .  T r i to n s  from  S09B i Bombarded b y  6o-MeV P ro to n s
35 d eg  -  Bon 5025 AO deg  -  Bun 5031 ^5 deg  -  Bun 502U  50 d eg  -  Bun 503a
Energy
(MeV)
a Error Biergy 0 Error Energy 0 Error Energy(MeV)
0 Error
(nb* ster" 1*MeVl ) (MeV) (nb* ster-1 •MeV-1) (MeV) (nb- ster" 1*MeV-1) (mb- ster" 1>Heir1)










































































































































17.21 .21 . i9


























































23.49 .18 .01 22.45ni.Sn




















































































































































































































































































































































TABLE A x n t j 3 . T r i to n s  f r u a  309B i Bombarded b y  60-MeV P ro to n s





a Error Energy a Error Energy a Error
(nib* 8ter“1*MeV“1) (mb- ster-t.MeV"1) (MeV) (mb- ster- 1*MeV1) (MeV) (mb- ster" '•MeV1)



























































7»7*0 • 006 film ,801,807 7.6008.850 .002.005
.001 
' .001





.— .o i l—
,001
, 002.




































































































































































































































___ _ 34.032. ..
. 01?
























































































42,42b ■ 009 004
,002
43,443 











































































































































































TABLE A X m  h. T r i to n s  from  a09B l Bombarded b y  6o-MeV P ro to n s
90  d e g  -  Kon 502J 110 deg -  Run 5056 135 dog -  Hun 206b deg -  Bun
Energy
(MeV) (rib* s te r " 1 •MeV'1)
Energy

















uuaoo 177“'I I ,950 




18 . 266  f-9rS+4 









O . 3 0 0
ro.o3 














2 7 . 4 5  —28,49 




























2 5 , 7 6  
3 6 7 8 0“ 
3 7 . 8 4  3678H 
3 9 . 9 |  
4 0 . 9 5  
4 I , 99 
"43763" 
4 4 . 0 7
37.150 
38.200













44.500 45 .  I I
4 6 .  15 
477T3 


































TABLE A X IV 1 . H e l iu a - 3 'c  f r a n aoeB i Bombarded By 6o-MeV P ro to n s
13 d eg  -  Bun 5020 20 deg  -  Bun 5027 25 deg  -  Bun 5026 30  d e g  -  Boa 5021
Energy 0 Error Energy 0 Error Energy a Error Energy a Error
(KeV) (mb*ster" l *HeV_1) (MeV) (mb* Bter“‘ .MeV1) (MeV) (nib* ster" ‘•KeV1) (MeV) (mb-iter-1•MeV1)
1 *50" 
2-55
„  fl._ .. 
0
- *1 





















































































0m -98 - 
I3>03
.. . . v------
0







































































































































































- -••,17 - * 
• 01



































































































































































































* 0 1 
0 0



































5 8 V 7 0 -------
59* 15
. .........0-------------

















TABLE A 3XV 2 . H e U m - 3 'a  f r o n  ao9B i Bombarded b y  fo-MeV P ro to n s
35 deg -  Bon 5025 l+O deg - Bun 5031 1+5 deg - Bun 5021+ 50 deg -  Bun 50J2
Energy a Error Energy 0 Error Energy a Error Energy o Error
(KeV) (mb* «ter“l .MeVl ) (MeV) (nib* ster“l  .MeV"1) (KeV) (cb.ster*1.KeVl) (KeV) (mb* ster“1-HeV-1)
I -5n 6 n 1.5n 0 n
2.54 0 0 1.50 0 0 2.55 0 0 1.50 0 0
3.59 0 n 2.54 ............ 0.. .............0 .3.59 0 0 -_2e_55 8 IL
4.64 0 0 3.59 0 0 4.64 0 n 3.59 0 0
5.69 0 6 4.64 . .. . _o__............ 0............. 5.69 0 Q 4.64 0 n
6.73 0 0 S.&9 0 0 6.74 0 q 5.69 0 0
7.76 6 6 6.74 n n 7.79 0 n 6.74 0 0
6.83 0 0 7,78 0 0 6.83 0 0 7.79 0 0
9.66 0 6 0.02 . .  0 0 9.08 0 0 8.83 0 _ 0
16.92 0 0 9,08 0 0 10.93 0 0 9.8R 0 0
1 1.97 0 6 | 0.9.1 . • &n__ . I I .98 0 0 1".93 0 n
13.02 0 0 11.97 • 00
.. ..............
• 00 13.03 0 0 1 1 .98 0 0
14.67 0 6 l 3. U? .nn .00 14.07 n n 13.03 0 0
15.1 1 0 0 14,07 .CO • 00 15,12 0 0 14.07 0 0
16.16 0 0 15. 17 ....... , 00--- . . .OQ____  ... 16. 17 0 n 15. IP 0 ......  0 .
I7.2T 0 0 l*.M • 00 • 00 17.22 0 0 16.17 0 0
16.26 0 n I 7T2 I .06 - - . *00 _ - 10.27 .no .nn 17.22 0 n
19.3D 0 0 16,26 • 00 • 00 19.37 .00 .00 IB. 27 0 0
26.35 6 6 f 9 .3 1 .nn .00 ?n.36 .no .nn 19.31 0 0
21.40 .00 .00 21)« 36 • 00 • 00 2 1.4 I 0 0 zn.36 .00 .00
72.45 .60 .66 71 • 4 f) <00 _. ... iQO 22.46 .no .00 ZI.4I 0 0
23.49 .00 .00 22.45 .01 • 00 23.51 • 00 .00 22.46 0 024.54 .oo .00 73.5n . 01 lOO.. 74.58 . nn . nn 23.51 • oo .00
25.59 .00 .00 24,55 . 0T • 00 25.60 .01 .00 24.55 .00 .00
26.63 .60 .06 75.59 .nt • 00 76.65 .no .nn 25.6n .01 .00
27.66 .01 .00 26.64 • 01 .00 27.70 .00 • 00 26.65 .00 .0028.73 .ni .nn 77.69 -•OJ -- tQO........ ...... 26.75 . n 1 .on 27.7o .01 .00
29.78 .01 .00 28,74 • 01 • 00 29.00 • 91 • 00 28.75 • ol • 003n.82 .61 .66 79.78 .-04- .on 3n.04 . n l .nn 29.8n .01 .00
31.87 .01 .00 30.63 .02 • 00 21.69 .01 .00 30.84 .ol • 0032.92 .63 .66 31 .08 .03 • 00 37.94 .02 .00 31.89 .02 • 00
33.97 .01 .00 3^.93 • 03 .00 33.99 ‘ .01 .00 32.94 .03 .00
35.01 .02 .66 33.98 . . .  . 0£_ -. .. . 0 0 ............. 25.04 .01 • 00 33.99 .0 1 .00
36.06 .01 .00 38,02 .02 • 00 36.08 .01 • 00 35.04 .01 • 00
3 7 .IT . n2 .on 36.07 t0? - .00 27.13 . n l .on 36.08 ,01 • 0036.16 .01 .00 3^,12 • 0? • 00 38.16 .01 .00 37.13 .00 .00
39.20 .61 .00 38. 17 .n 1 • 00 39.23 .01 • nn 3B.I8 .00 .00
40.25 .01 .00 39,2| • OT • 00 40.28 • 01 .00 39.23 .01 • 00
41,30 .01 .00 4Q.26 . ---.02 ___ , 00- . 41.32 .01 .00 40.28 .01 .00
42.35 .01 .00 41 *3| .02 • 00 42.37 .01 • 00 4 1 .32 .00 .0043.39 .01 .00 42,36 .... — ,02. ____tOO _____ 43.42 .01 .00 42.37 • oo ,00
44.44 .01 .00 43,40 • 02 • 00 44.47 • ol .00 43.42 .01 .00
45.49 .61 .00 44.48 .nt • 00 45.5? .no . nn 44.47 .90 .00
46.54 .01 .00 45,50 .01 • 00 46.56 .01 • 00 45.52 .90 .00
47.56 .01 .00 46.55 .. . . ,01- -- . . . .0 0  ............. 47.6i . n I .on 46.56 .00 .oo
46.63 .01 .00 47,6o • 01 • 00 48.66 .01 • 00 47.61 .00 .0049.68 .nl .00 40.64 ■0* .... - ,00 . ... . 49.7l .01 .00 48.66 .01 .0050.73 .02 .00 49,69 .02 • 00 •50.76 * .01 • 00 49.71 .ol .00
51.77 .62 .00 50.74 .n? • on •51.80 .nl .nn 50.76 .01 .00
52.82 .02 .00 51.79 .03 • 00 52.05 .00 .00 S 1 .8 1 • ol • 0053.87 .00 .66 52.03 . .01 .. . . , 00- .- ........... 53.90 0 n 52.85 .oo .00
54.92 .o'o .00 53,68 .00 .00 54.95 0 0 53.90 0 0
55.96 .60 .00 .54,93 -- . «00 56,00 0 n 54.95 0 0
57.01 0 0 57.04 0 0 56.00 0 0
58.09 0 0 57.05 0 059. 14 0 0 58.09 0 0
59.14 0 0
TABLE A XIV } . H e llu m -3 's  from  a ° ’ B i Bombarded b y  60-MeV P ro to n s
60 deg -  Bun 5035 70 deg -  Bun 5057 75 deg -  Bun 7006 80 deg -  Bun 5035
Energy 0 Error Biergy a Error Energy a Error Energy 0
Error
(HeV) (mb' »ter“1-KeV-1 ) (HeV) (mb* s ter*1 .HeV"1) (HeV) (mb- ster- 1'K eV l ) (HeV) (mb'ster"1' HeV1)
1 . 4 9 8










0 m . 8 8
1 . 499





3 , 5 9 5 0 0 3 , 6 0 0 0 0 3 , 61 1 0 0 3 , 5 9 8 0 0
4 , 6 4 4 0 n 4 . 6 5 0 0 0 41679 0 0 4 . 6 4 8 0 0
5 , 8 9 2 n 0 5 , 7 0 0 0 0 5 , 7 4 8 0 0 5 , 6 9 7 n 0
4 , 7 4  1 n n 6 . 7 5 0 0 0 6 . 8 1 6 0 0 6 . 7 4 6 n 0
7 , 7 9 8 n 0 7 , 8 0 0 0 0 7 , 8 8 4 0 0 7 , 7 9 6 n 0
8 , n3« n n 6 , 8 5 0 0 0 6 . 9 5 2 0 0 . 8 , 8 6 5  _ 0 0
9 , 8 8 7 n 0 9 . 9 0 0 0 0 10 . 020 0 0 9 , 8 9 5 n 0
IR.03A n 0 10 . 950 0 0 11 . 088 0 0 _____ J 0-l944----- -  — 0 ___ 0
11 , 984 • QOl • 001 12 , 000 0 0 12 . 156 . 001 .001 1 1 , 994 n 0
13 . 833 , 17 D 1 .001 13 . 050 0 0 13 . 225 0 0 13 . 043 0 0
14,081 • pop , 0 0 0 14 , 100 0 0 14 , 293 0 0 14 . 093 . oon , 000
15 . 130 .nnn . 000 15 . 150 0 0 15.361 0 0 ..................15,  j  6 ?. . . .  P .  ... _____0 .
1 6 , 179 n 0 1 6 . 200 0 0 1 6 , 429 0 0 16.191 n 0
17 . 727 . nn | . oon 17 . 249 0 0 17 . 49 7 0 0 17.261 ...............0 . 0
18 , 276 • son , 000 U . 2 9 9 0 0 16 . 565 0 0 18 . 290 0 0
1 0 . 324 .nn* .001 19 . 349 0 0 19 . 633 0 0 10 . 360 n 0
2 8 , 3 7 3 • OOfl , 000 2 0 , 3 9 9 0 0 20 , 701 0 0 2 0 . 3 8 9 . 0 0 0 , 0 0 0
2 1 , 4 2 2 •no? , 001 2 1 . 4 4 9 ,001 , 0 0 0 . 2 1 . 7 7 0 • 001 .001 ________ 2 1 . 43s .  . _ . , 00 0 — , 00 a .
2 2 , 4 7 0 • pos ,801 2 2 , 4 9 9 .001 .001 2 2 , 8 3 8 0 0 2 2 . 4 8 8 . 900 , 000
2 3 , 5 1 9 t nri4 , 001 2 3 . 5 4 9 . 001 .001 2 3 , 9 0 6 -  . . . J L 0 ____ 23 .53 .8  . . . a m .  ... , 000 .
2 4 , 5 6 8 • 009 ,001 2 4 , 5 9 9 0 0 2 4 , 9 7 4 0 0 2 4 , 5 8 7 0 0
2 5 . A 1 A nn* root 2 5 . 6 4 9 .001 .001 2 6 . 0 4 2 .001 .001 2 5 . 6 3 7 . 0 0 7 .001
2 6 , 6 6 5 • QOA ,001 2 6 , 6 9 9 . 0 0 3 .001 27 , 1  10 . 001 .001 2 6 . 6 8 6 . 00T . 001
2 7 , 7 1 3 i nnB ,001 2 7 . 7 4 9 . 0 0 2 .001 2 8 . 1 7 8 • 005 . 0 0 2 -  . 2 7 . 7 3 5 . 0 0 3 , 001
2 8 , 7 6 2 *nI7 , 0 0 2 2 6 , 7 9 9 . 0 0 4 .001 2 9 , 2 4 7 . 001 . 001 2 8 . 7 8 5 . 0 0 7 , 001
29.8-1-1 _  M l , 80? 2 9 . 8 4 9 . 004 . 001 3 0 , 3 1 5  _ . 001 .001 29,83.4. • 004 , 001
3 0 , 8 3 9 . hT^ , 0 0 2 3 0 . 8 9 9 . 0 0 8 . 0 0 2 3 1 , 3 8 3 . 0 0 2 . 001 3 0 . 8 8 4 . 00 3 , 001
• «Ti , nn? 3 1 . 9 4 9 • 008 . 0 0 2 3 2 . 451 . 001 .001 3 1 . 9 3 3 . 0 0 3 . 001
32*956 . o 2 n , 0 0 2 3 2 , 9 9 9 . 0 1 5 . 0 0 2 3 3 , 5 1 9 . 001 . 001 3 2 . 9 8 3 . 9 0 8 , 0 0 2
X4t nan , nTii t nn? 3 4 . 0 4 9 . 0 0 5 .001 3 4 . 5 8 7 , 001 , 001 3 4 . 0 3 2 . . . 003  ____ .001
3 5 , 0 5 4 • 6T7 , 0 0 2 3 5 . 0 9 9 . 0 0 3 . 001 3 5 , 6 5 5 . 0 0 2 ,001 3 5 . 0 8 2 . 9 0 7 , 001
.3 6 ,1 0 2 . ,nT7 . nn? 3 6 . 1 4 9  . . 0 0 3 . 001 3 6 , 7 2 4 . 001 .001 3 6 ,  l'3l . 0 0 3  . . . ,001
37 , 131 • 00* , 001 3 7 . 1 9 9 . 001 . 001 3 7 , 7 9 2 . 001 , 001 3 7 . 1 8 0 . 0 0 3 , 001
3 1 . 2 0 0 . nn« .801 3 e . 2 4 9 • 002 .001 3 6 . 8 6 0 . 0 0 2 . 001 3 8 . 2 3 0 . 0 0 2 . 001
3 9 i ?4B . 00* , 001 3 9 . 2 9 9 • 002 .001 3 9 , 9 2 8 . 001 .001 3 9 . 2 7 9 . 000 , 000
4 0 , 9 9 7 nnn .801 4 0 . 3 4 9 ■ 002 . 001 4 0 . 9 9 6 .001 ,001 4 0 . 3 2 9 ...... . 0 0 ! ____ , 001
4 1 , 3 4 5 . 00* ,001 4 1 , 3 9 9 • 603 ...... . . 00 7  ' 4 2 , 0 6 4 • 001 .001 4 | . 37 8 . 90 0 . 000
4 2 . 3 9 4 nno • 001 - 4 2 , 4 4 9 . 0 0 2 . 001 4 3 , 1 3 2 . 001 . 001 4 2 . 4 2 8 jOOO j Oon
4 3 , 4 4 3 • 007 • 001 4 3 , 4 9 9 . 001 ,001 4 4 , 2 0 0 .001 .001 4 3 . 4 7 7 .001 ,001
44 . 491 . 607 . o o t 4 4 . 5 4 9 . 0 0 2 ,001 4 5 . 2 6 9 .001 , 001 4 4 , 5 2 7 . 0 0 7 .001
4 5 , 5 4 0 *006 , 001 4 5 , 5 9 9 0 0 4 6 , 3 3 7 • 001 .001 4 5 . 5 7 6 • 901 .001
8 8 .5 4 8 - .nn* .001 4 6 . 6 4 9 . 001 .001 .  .  47- .405 , _______ 0 . ............  0 . .  . 46.625. __. . 00 0 ... * ** -
4 7 . 6 3 7 • 002 ,001 : 4 7 , 6 9 9 . 000 . 00 0 4 6 , 4 7 3 ,001 .001 4 7 . 6 7 5 0 0
4 0 . ABA .......... ..506.... ____ . 001 4 6 , 7 4 9 0 0 .. 49 , 54 .1 .. lOO.I .001 4 8 , 7 2 4 ... . 001  . , 000
4 9 , 7 3 4 , 004 ,001 4 9 , 7 9 8 . 001 . 0 0 0 5 0 , 6 0 9 . 001 . 001 4 9 . 7 7 4 . 000 9000
5 0 . 7 8 3 .nn* . on j 5 0 . 8 4 8 . 000 . 000 5 1 . 6 7 7 0 0 5 0 . 8 2 3 0 0
5 1 , 8 3 2 • 0 0 * ,001 5 1 , 8 9 8 , 000 . 0 0 0 5 2 , 7 4 6 0 0 5 1 . 8 7 3 . 0 0
5 2 , 0 8 0 ______ ____ ,0fiJL. _;52_,94B 0 0 5 3 , 8 1 4 0 0 52^922 . 0 0 0 , 000
5 3 , 9 2 9 . oon , 000 5 3 , 9 9 3 0 0 5 4 . 8 8 2 0 0 5 3 . 9 7 2 0 0
5 4 , 0 7 7 rnni , 000 5 5 . 0 4 8 0 0 5 5 . 9 5 0 0 0 5 5 . 0 2 1 . 0 .0
5 6 . 0 2 6 • 009 , 000 5 6 , 0 9 8 0 0 5 7 , 0 1 8 0 0 5 6 . 071 0 0
5 7 , 0 7 5 nnn , 000 5 7 . 1 4 8 0 0 5 6 . 0 8 6 0 0 5 7 . 1 2 0 0 0
5 8 . 1 2 3 n n 5 6 , I9B 0 0 5 9 , 1 5 4 0 0 5 8 . 1 6 9 0 0




TABLE A XIV U. H e liu m -3 ’s  f r c n  30 “B i Bombarded b y  6o-MeV P ro to n s
90 deg - Run 5023 HO deg - Run 5036 135 deB - Bun 2064
Energy c Error Biergy o Error Energy 0
Error
(MeV) (mb- ster-1-MeV-1) (MeV) (mb* ster“1*MeV”1) (MeV) (mb- ster"1-MeV-1)
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TABLE A XV 1 . A lphas from  ao0B i Bombarded b y  6o-MeV P ro to n s
15 deg  -  Bun 5050 20 d eg  -  Bun 5027 25 d eg  -  Bun 5026 JO d eg  -  Bun 5021
Energy 0 Error Biergy a Error Biergy a Error Energy a Error




0 1.50 0 0T.5V  — 
2.55
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TABLE A XV 2 . A lphas f r a a  aoBB i Bombarded b y  6o-MeV P ro to n s
35 d eg  -  Bun 5025 bo d eg  -  Bun 5031 b5 deg  -  Bun 502b 50 d e g  -  Bun 5032
Energy
(KeV)
0 E r r o r
l *HeV"1)
B i e r g y
(HeV)




a E r r o r
•M e V 1)
E n e rg y
(KeV)
a E r r o r
' • H e V *1)(mb* s t e r " ( n b * a t (nb« s t e r * 1 (mb* s t e r "










2 . 5 4





1 . 5 0
2 . 5 4
2 . 5 5





1 . 5 0
2 . 5 5
4 . 6 4 0 3 3 . 5 9 0 0 4 . '64 0 0 3 . 5 9 0 0
5 . 6 9 0 1 4 . 6 4 n 0 5 . 6 9 0 n 6 . 6 6 0 0
6 . 7 3 0 3 5 , 6 9 0 0 6 . 7 4 0 0 5 . 6 9 0 0
7 . 7 * 0 1 6 . 7 4 n 0 7 . 7 9 n n 6 . 7 6 a 0
6 . 6 3 0 3 7 . 7 8 a 0 6 . 8 3 0 0 7 . 7 9 0 0
9 . 6 * 0 3 8 . 8 3 n 0 9 . 6 8 0 0 8 . 8 3 0 n
1 0 . 9 2 0 3 9 . 8 8 a 0 1 0 . 9 3 0 0 9 . 8 8 0 0
1 1 . 9 7 0 n 1 0 . 9 3 n a 1 1 . 9 8 n 0 1 0 . 9 3 0 n
1 3 . 0 2 . 00 • 00 1 1 . 9 7 . 0 0 , 0 0 1 3 . 0 3 • 00 . 00 1 1 . 9 8 . 0 0 . 00
1 4 . 0 7 . n l . 0 0 1 3 . 0 2 .01 . 00 1 4 . 0 7 . n n . n n 1 3 . 0 3 . 00 . 0 0
15 .1 1 .0 1 • 00 1 4 , 0 7 .01 , 00 1 5 .  12 • o l • 00 1 6 . 0 7 . 01 • 00
16 .  IA . n 3 - n P 1 5 . 1 7 , 0 7 . .  . .HD..  ............... 16 .  17 . 0 3 . 00 15 .  17 . 0 2 • nn
1 7 .  21 . 0 5 • 01 < 6 . 1 6 . 0 4 , 00 1 7 . 2 ? . 0 7 . 01 1 6 . 1 7 . 0 3 . 0 0
1 8 . 2 6 .  1 1 .01 17 . 2  | ,1)7 . 01 1 8 . 2 7 . I . m 1 7 . 2 2 . 0 7 . n n
1 9 . 3 0 . 1 6 • 0 1 8 . 2 6 . 1 2 ,01 1 9 . 3T . 1 4 . 01 I B . 27 . 1 0 • 01
2 0 . 3 5 . 17 .01 1 9 . 3  1 . 1 6 .01 ? n . 3 6 . 18 . 0 ] 1 9 .3 1 .0 1
2 1 . 4 0 . 21 • o t 2 0 . 3 6 . 1 8 . 01 2 1 . 4 1 .21 . 01 2 0 . 3 4 .  I * •  01
2 2 . 4 4 . 7 4 • n I , 0 | 2 2 . 4 6 . 2 3 . 0 1 2 1 . 61 .  17 . 0 1
2 3 . 4 9 . 2 7 • 01 2 2 , 4 5 . 2 3 .01 2 3 . 5 1 .21 • 01 2 2 . 6 6 . 1 8 . 01
2 4 . 5 4 . 7 8 . 01 7 3 , 5 0 , 2 3 .01 5 4 . 5 5 . 2 3 . m 2 3 . 5 1 .20* • 0 1
2 5 . 5 9 . 2 7 • 0 2 4 . 5 5 . 2 6 .01 2 5 . 6 0 . 2 3 .01 2 6 . 5 5 . 2 0 • 01
2 6 . 6 3 . 2 4 . 0 7 5 . 5 9 .7 4 .01 ■ 5 A . 6 * . 2 4 . n i 2 5 . 6 0 • 18 .01
2 7 . 6 8 . 2 5 • n 2 6 . 6 4 . 2 6 .01 2 7 . 7 0 . 2 2 • 01 2 6 . 6 5 . 1 8 • 01
2 8 . 7 3 . 7 3 • 0 7 7 . 6 9 , 7 4 . 01 2 8 . 7 5 . 19 . n i 2 7 . 7 0 .  17 .01
2 9 . 7 6 . 2 2 . 0 2 6 , 7 4 . 2 0 .01 2 9 . 8 0 . 18 • 0 ] 2 8 . 7 5 .  14 • 01
3 n . 8 7 .  19 . 0 7 9 . 7 8 .2 1 t U L 3 0 . 8 4 . 1 7 .01 2 9 . 8 0 . 1 3 • 0 |
3 1 . 8 7 . 1 7 • 0 3 0 . 8 3 . 1 7 .01 3 1 . 8 9 . 1 4 .01 3 0 . 8 6 • 1 1 • 01
3 2 . 9 2 . 1 6 . 0 31 . 8 8 . 17 .01 3 2 . 9 4 . 1 3 . n i 3 1 . 8 9 . 0 9 . 0 1
3 3 . 9 7 . 1 3 • 0 3 2 , 9 3 . 1 5 .01 3 3 , 9 9 . 1 3 .01 3 2 . 9 6 • 08 • 01
3 5 . 0 7 . 13 . 0 3 3 . 9 8 .  13 .01 3 5 . 0 4 . 1 .01 3 3 . 9 9 . 0 6 • 00
3 6 , 0 6 . 0 9 • 0 3 5 , 0 2 . 1 2 .01 3 6 . 0 8 . 0 8 .01 3 5 . 0 6 . 3 6 • 00
3 7 . 1 1 . 2 1 . 0 * 3 6 . 0 7 . 0 8 - i f l j 3 7 . 1 3 . 1 3 .01 3 6 . 0 8 . 0 4 • op
3 6 . 1 6 . 1 6 • 0 3 7 , 1 2 . 1 7 .01 3 8 .  18 . 1 0 • 01 3 7 . 1 3 . 1 3 .01
3 9 . 2n . 1 3 . 0 3 8 .  17 . 14 .01 3 9 . 2 3 . i n • n i 3 8 .  18 . 1 0 . 0 1
4 0 . 2 5 . 1 1 • 0 3 9 , 2 1 .11 .01 4 0 . 2 8 • 08 • 01 3 9 . 2 3 • 07 • 00
4 1 . 3 0 . 1 0 • 01 4 0 . 2 6 . 0 9 .01 4 1 . 3 ? . 0 7 .01 6 0 . 2 8 . 0 6 • 00
4 2 . 3 5 . 0 7 • 01 4 l . 3 | . 0 8 .01 4 2 . 3 7 . 0 6 . 00 6 1 . 3 2 • 05 • 00
4 3 . 3 9 . 0 6 . 01 4 2 . 3 6 . 0 9 .01 • 4 3 . 4 2 . 0 5 . 00 6 2 . 3 7 . n 5 • 00
4 4 . 4 4 . 0 7 • 0 4 3 , 4 0 . 0 6 .01 1 4 4 . 4 7 . 0 5 • 00 6 3 . 6 2 . 0 4 • 00
4 5 . 4 9 . 0 7 .0 1 4 4 . 4 * . 0 * .01 4 5 . 5 ? . n 5 . n n 6 6 . 6 7 . 3 4 • 00
4 6 . 5 4 . 0 5 • op 4 5 , 5 0 . 0 6 .01 4 6 . 5 6 . 0 * • 00 6 5 . 5 2 • Q4 • 00
4 7 . 5 6 . 0 6 4 6 . 5 5 . 0 5 .  j l l J  - 4 7 . 6 ? . 0 3 . 0 0 6 6 . 5 6 .  n3 • on
4 6 . 6 3 . 0 6 • 01 4 7 , 6 0 . 0 6 .01 4 8 . 6 6 . 0 4 • 00 6 7 . 6 1 • q3 • 00
4 9 . 6 8 . 0 4 • on 4 8 . 6 4 . 0 3 . 0 0 4 9 . 7 ? . n 2 . o n 4 8 . 6 6 • n2 • 00
5 0 . 7 3 . 0 6 • 00 4 9 , 6 9 . 0 4 . 0 0 5 0 . 7 6 . 0 2 • 00 < 9 . 7 1 . 0 2 • 00
5 1 . 7 7 . 0 2 • 00 5 0 . 7 4 . 0 4 .0 0 5 1 . Bn . n ? . n n 5 0 . 7 6 • n l . 0 0
5 2 . 6 2 . 0 3 . 00 5 1 . 7 9 . 0 3 . 0 0 5 2 . 8 5 • 01 • 00 5 | . 8 | • 01 • 00
5 3 . 6 7 . 0 3 . 0 0 5 2 . 8 3 . 0 3 . 0 0 5 3 . 9 0 . n l . 0 0 5 2 . 8 5 • 31 • 00
5 4 . 9 2 . 0 3 • 00 5 3 , 8 8 . 0 3 . 0 0 5 4 . 9 5 • 01 • 00 5 3 . 9 0 .01 . 0 0
5 5 . 9 6 . 0 2 . 0 0 5 4 . 9 3 . n 2 . 0 0 5 6 . 0 0 . n l . n n 5 4 . 9 5 ,01 • on
5 7 . 0 1 . 0 2 • 00 5 5 . 9 8 . 0 2 . 0 0 5 7 . 0 4 • 01 . 0 0 5 6 . 0 0 .01 . 0 0
5 6 . 0 6 . 0 2 • no 5 7 . 0 7 . 0 7 . 0 0 5 8 . 0 9 . n l • nn 5 7 . 0 5 .01 . 0 0
5 9 . 1 1 . 0 2 • 00 5 8 , 0 7 . 01 . 0 0 5 9 .  14 . 0 1 • 00 , 5 8 . 0 9 • 31 . 0 0
6 0 . 1 5 . 0 2 . 0 0 5 9 .  12 -  -.01 ■ 00 6P. I 9 . 0 ) . 0 0 59.. 14 .0 1 . 0 0
6 0 . 1 7 .01 . 0 0 ^ 0 . 1 9 • 00 . 0 0
6a deg -  Bun 5035
IAELE A XV 3 . A lphas f r t n  ^ “B i Bombarded b y  6o-MeV P ro to n s
70 deg -  Bun 5037 75 6 eg -  Bun 7006 80 deg -  Bun 5035
Energy 0 Error Biergy a Error Biergy a Error Biergy 0 Error
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60,220 • 003 ,001 60,298 .002 ,001 60.268 .001 .000
TABLE A XV U. A lphas from  309B i Bombarded b y  60-MeV P ro to n s
90 deg -  Bun 5025 110 deg -  Bun 5036 135 deg -  Bun 206b
Energy a Error Biergy a Error Energy a
Error
(MeV) (mb* ster”1*HeV”1) (MeV) (mb* ster”1•MeV”1)
(HeV) (mb*ster- 1 . HeV”1)
" 1. 48 0 0





2 . 2 2





-£ t 5 4 5 -  
3 . 5 9 3
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' 4 , 6 4 1  
5 , 6 9 0
- — 0 
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7 . 7 8 6
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0 0 9 . 8 5 0m , e 0 n
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0 0 I I . 950 0nns
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.001
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13 . 95
. 00  






. 0 1 0
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. 0 0 2
14 . 99  ' 





1 5 7122 '
16 , 170
---------- 7023- -•
. 0 4 7
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. 0 0 3 1 6 . 150i 7 . ? n n
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2 0 . 3 6 3
• i 23 
. 1 2 3
-----TOO*
. 0 0 4 2 0 . 3 5 0 • 101 , 0 0 4,0 0 4 _
2 1 . i t  
2 2 . 2 6 , 0 6. 0*
•00
. 0 0
2174 1 1 -
2 2 . 4 5 9
---------- - . - m —
. 1 0 8
---- 10 0 4 ------
. 004 2 2 . 4 5 0 , 004. 0 0 3
2 3 . 3 0  
2 4 . 3 3
■ 0? 
• Q4
. 0 0  
• 00
237507-
2 4 . 5 5 5
------- 7101------
. 0 9 5
---- . 0 0 4 --------
. 004 2 4 , 5 5 0  o s , xnn
.p5o , 003  
, 6 06
”’ — TV. "37 
2 6 . 4 |
. 0 3  
• O4
. 00  
• 00
2 —, 6  0 3 
2 6 . 651  
2 7 . 6 9 9  
2 8 , 7 4 7  
.2 9 ,7 9 5  
3 0 . 8 4 3
. 07 8
- ....... 7 074
. 0 6 9
--------- - .057— -
. 0 4 9
1 0 0 4
. 0 0 4
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. 0 0 3
2 6 . 6 5 0
------ 2 7 ,7 0 0 —
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Pp.non
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. 0 0 3 a W s ! . 014 ;oo2001
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. 0 0 ? 3 7 . 1 5 03D.?0n
. 914 , 0 0 2
. 001
3 7 , 8 4





3 8 . 1 6 0  
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......... , 0 2 6
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, 0 0 2 3 9 . 2 5 0«n . 30n
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, 0 0 )
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.011
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* 1 . 99  
4 3 .  03




4 2 , 3 7 2
4 3 . 4 2 0
--------- , 011-
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, 000507757
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AVERAGE CROSS SECTIONS FROM TIME-OF-FLIGHT ANALYSIS 
The c ro ss  s e c t io n  d a ta  o b ta in ed  from  th e  t im e - o f - f l ig h t  a n a ly s is  
system  a re  l i s t e d  in  th is  appendix . The d a ta  l i s t e d  a re  f o r  p ro to n s , 
d e u te ro n s , h e lium -3 ' s ,  a lp h a s  and "..to ta l"  m ass-3  from 12C and alphas 
from  B4 F e . The c ross  s e c tio n s  a re  l i s t e d  in  m illib a rn s /(s te ra d ian * M e V ) 
and a re  averaged  over ~1-MeV-wide b in s  . The energy  l i s t e d  in  th e  
c e n te r  o f th e  b in .
S t a t i s t i c a l  e r ro r s  a re  no t l i s t e d  on th e s e  t a b le s ;  however, th e  
l a r g e s t  e r ro r s  a re  ±10$ f o r  bo th  th e  54Fe and th e  12C d a ta .  S t a t i s ­
t i c a l  e r ro r s  f o r  each ru n  may be o b ta in e d  by  use o f th e  f a c to r s  l i s t e d  
in  Table V. These e r ro r s  should  be c o n s id e re d  w ith  th e  sy s te m a tic  
e r ro r s  d isc u sse d  in  C hapter I I I ,  S e c tio n  D, and C hapter TV, S e c tio n  G.
267
TABLE BI. CROSS SECTIONS FROM TIME-OF-FLIGHT SYSTEM
Cross S e c tio n  
(mb/sr-MeV)
Energy3 15° 20. 8° 30° 35° **0° 1*5° 50° 6o° 70° 90° 110° 135° l6o°
(MeV)
PROTONS
1' 5 1.47 2.28 1.72 1.83- 1.86
rcuxwno
1.1*6 1.71 1 . 1*9 1.52 1.1*7 1.28 1.70 1 .5^
2.5 l .  50 2.22 2.00 2.07 2.02 1.92 1.85 l .  66 1.66 1 . 61* I.38 l .  59 1.1*3
3-5 2.1*0 3. 2l* 2 . 7^ 2.93 2.72 2.01 2.59 1.99 2.07 1.90 1-37 1.83 1.20
DEUTERONS
1.5 .311* .505 .1*86 .1*1*6 .1*62 .302 .383 .281 • 309 .287 .206 .267 • 255
2 .5 .1*18 .562 .530 .1*62 .651+ .369 .1*88 .326 .311* .263 .193 .207 .195
3 .5 . 1*88 .581 .508 • 539 • 550 . 1*12 . 1*52 • 332 • 319 .230 .171 .200 .155
l*.5 . 51+7 .588 . 663 .670 .586 . 1*07 • 5^3 .318 .361* • 293 .175 .215 .109
TOTAL MASS-3
^•5 . 1*96 . 351* .1*09 • 355 .288 .238 .173 .162 .11*1*
3-5 . 1*96 .382 .396 .315 .301 .228 .208 .166 .11*8
2.5 . 1*71+ .31*8 .338 .311 . 291* .289 .201 .187 .172
HELIUM-3
6.5 • 331 • 233 .261* .223 .193 .131* .119 .085 • 073
7-5 •335 .256 .238 .227 .181 .11*0 .098 .069 .051
8.5 •353 .21*1 .237 .202 .180 .099 .086 .063 .01*1*
9-5 .309 .21*1 • 251 .182 .11*6 .093 .072 • 039 .01*2
10.5 .232 .238 .219 .191 .11*1 .081 • 075 .01*2 .010
11.5 • 393 .21*7 • 303 .181* ' .165 .103 .072 . 01*3 0
TABLE B I. (C ontinued)
2 .8 4 .51 1+.17 3 .99 3 .9 6
3 .5 1+.37 3 .9 6 3-75 3 .6 1
^ 5 4.03 3 .5 9 3. b9 3-35
5-5 3 .6 1 3 .0 8 3 .09 2 .8 6
6 .5 3 .^3 2 .7 3 2 .71 2 .1 0
7-5 2 .8 2 2 .3 7 2 .31 2.05
8 .5 2 .6 2 2 .0 1 I .9 2 1 .8 9
9-5 2 .2 9 1 .8 2 1 .7 1 1 . 1+1+
1 0 .5 2 .0 2 I . .5 I+ 1 .51 1-3^
11.5 1 .8 7 1 .37 1 .29 1 .2 2
1 2 .5 1-53 1 .13 1 .1 2  . 1 .0 0
ALPHAS
3-39 2 .3 8 1 .5 0 1 .1 0 1.03
3 .2 9 2 .1 0 1 . 1+0 .923 .831
2 .7 2 1 .7 2 1 .13 .6 9 7 .659
2 .3 1 1 . 1+2 • 899 • 535 .1+87
2 . 01+ 1.25 • 777 . 1+11 • 390
I .6 5 1 .0 0 .587 • 321 .3 2 0
1 . 1»0 .8 6 6 .1+99 . 21+1+ . 21+9
1 .1 9 . 665 . 381+ .1 9 0 .1 8 8
• 993 .5148 .2 8 8 .1 2 2 .139
.831 . 1+26 . 21+6 .107 .105
.705 • 351 . 181+ .079 .0 8 0
aC en ter o f  1 MeV b in .
TABLE BIT. CROSS SECTIONS FROM TIME-OF-FLIGHT SYSTEM


















13-5 0 .8 8 a a a . a 0 .4 2 0 .2 8
12.5 1 .2 a a a a 0 .55 0 .3 8
11 .5 1 .7 5  ± -15 1 .50 1 .1 8 1 .0 0 1 .1 0 O.6 7 0 .52
10 .5 1 .7 0  ± .1 4 1.73 1.43 1.23 1.33 0 .92 0 .6 9
9-5 1 .7 6  ± .15 1 .8 8 I .6 3 1 .4 7 1 .52 1 .1 7 0 .95
8 .5 O.9 6 1 .7 2 1 .66 1.53 1.55 1 .3 9 1 .2 6
7-5 O.6 5 1 .25 1 .2 9 1 .35 1 .2 0 1 .5 2 1 .4 6
6 .5 0 .1 4 O.6 7 ’ 0 .73 0 .8 3 O.6 9 1 .2 5 1 .4 7
5-5 0 .2 6 0 .3 0 0 .3 8 0 .2 8 0 .6 8 1 .07
4 .5 0 .1 2 0 .1 1 0 .1 4 0 .1 2 0 .2 9 0 .5 4
3 .5 0 0 0 0 0 0 .0 5 0 .2 1
^ u e  to  a flaw  in  the experim ental system th is  data i s  unavailab le .
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